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The number of plug-in electric vehicles (PEVs) on the road is growing significantly, 
which allows to reduce the consumption of greenhouse gas emitting fossil fuels, such 
as gasoline and diesel. This is due to the increased primary energy efficiency of 
electrically powered vehicles compared to conventional vehicles on the one hand, and 
the primary fuel flexibility for electricity generation on the other hand. The absence 
of tailpipe emissions reduces the local concentrations of harmful pollutants, which 
benefits human health. PEVs are able to charge at every location that offers a suitable 
grid connection opportunity, e.g., at home and the workplace. The typical long 
standstill times at these locations and the low average daily driven distances allow 
low-power charging to fulfill the majority of the mobility needs, thereby keeping the 
charging infrastructure investments low. 
As the number of PEVs on the road increases, the grid impact of PEV charging is 
observed more widely, e.g., altered grid load profiles, increased peak power, and 
increased voltage magnitude deviations. Therefore, an extensive amount of research 
is conducted on coordinated charging strategies that have the objective to mitigate the 
grid impact of PEV charging. Typically, large-scale coordination mechanisms are 
being investigated, which require a sufficiently high large-scale PEV penetration rate 
to be effective. However, due to the clustering of PEV users, high local concentrations 
may occur prior to a high widespread PEV penetration. Therefore, certain distribution 
grids will already be impacted in the near-term future. More specifically, the 
residential low voltage (LV) grid impact may be challenging, due to the simultaneity 
between PEV charging and residential electricity consumption. 
This dissertation investigates several local PEV charging strategies that have the 
objective to mitigate the distribution grid impact with a minimal amount of external 
input. Two active power control strategies for PEV charging are assessed separately, 
and in combination: voltage-dependent charging and standstill time-based charging. 
The former strategy does not need require any input, as the voltage magnitude is 
measured anyway within the onboard charger. The latter strategy only requires the 
next departure time, so that the charging power rating can be reduced as much as 
possible, while still being fully charged for the next trip. 
Besides the abovementioned active power control strategies, reactive power control 
is also investigated, i.e., reactive power current injections during PEV charging. 
Certain PEV charger topologies allow for the injection of reactive power flows into 
ii ABSTRACT 
 
the grid, so this capability could be enabled. The advantage compared to the active 
power control strategies is that, given an appropriate sizing of the PEV charger, this 
grid-supportive measure does not impact the user comfort, because the active power 
flow is not altered. Reactive current injection does not require any external inputs, 
because it is merely a power factor set point of the onboard PEV charger. 
Finally, the distribution grid impact and sizing requirements of fast charging 
infrastructure is assessed. Opposed to plug-in hybrid electric vehicles (PHEVs), all of 
the required propulsion energy for battery electric vehicles (BEVs) must be delivered 
by the onboard battery. Therefore, fast charging is indispensable for long-distance 
driving, so that recharging does not take excessively long. Because slow and fast 
charging are complementary charging options, different slow charging strategies are 
taken into account when the fast charge requirements are assessed. Furthermore, 
different representative LV grid topologies are taken into account, as well as the 
medium voltage (MV) grid topology to which the different LV grids and the fast 
charging infrastructure are connected. 
The proposed local active and reactive power control strategies allow to substantially 
mitigate the distribution grid impact of PEV charging, with limited adaptations 
compared to their current implementation. The active power control strategies could 
be implemented on all of the currently used onboard PEV chargers. The reactive 
power control strategies can be implemented on onboard PEV chargers with a full-
bridge active rectifier topologies, as used for several PEVs. The distribution grid 
impact of the slow charging control strategies is more significant than the presence of 
fast charging infrastructure. Therefore, it the limited additional distribution grid 
impact of fast charging infrastructure can even be compensated for by implementing 




Het aantal plug-in elektrische voertuigen (PEV’s) neemt sterk toe, wat het verbruik 
van broeikasgas uitstotende fossiele brandstoffen, zoals benzine en diesel, kan 
verlagen. Dit komt door de hogere primaire energie-efficiëntie, vergeleken met 
conventionele voertuigen enerzijds, en de brandstof-flexibiliteit voor 
elektriciteitsproductie anderzijds. De afwezigheid van uitlaatgasemissies vermindert 
de lokale concentraties van schadelijke stoffen, wat voordelig is voor de 
volksgezondheid. PEV’s zijn in staat om op te laden op elke locatie met een geschikte 
netaansluiting, bijvoorbeeld thuis en op de werkplek. De typische lange stilstand 
tijden op deze locaties en de lage gemiddelde dagelijkse gereden afstanden laten toe 
om de meerderheid van de mobiliteitsbehoeften te voorzien met opladen aan laag 
vermogen, waardoor de investeringen in laadinfrastructuur laag blijven. 
Aangezien het aantal PEV’s toeneemt, wordt hun netimpact op steeds vaker 
waargenomen, bijvoorbeeld aangepaste netbelastingsprofielen, een verhoogd 
piekvermogen en toegenomen spanningsafwijkingen. Daarom wordt er een 
uitgebreide hoeveelheid onderzoek uitgevoerd op gecoördineerde oplaadstrategieën, 
met als doelstelling om de netimpact te beperken. Gewoonlijk worden er 
grootschalige coördinatiemechanismen onderzocht, waarbij er een voldoende hoge 
grootschalige PEV-penetratiegraad nodig is om doeltreffend te kunnen functioneren. 
Vanwege de clustering van PEV-gebruikers kunnen er hoge lokale concentraties 
optreden voorafgaand aan een grootschalige hoge PEV-penetratiegraad. Daarom 
zullen distributienetten reeds beïnvloed worden in de nabije toekomst. Meer specifiek, 
de impact op het laagspanningsnet kan een uitdaging zijn, als gevolg van de 
gelijktijdigheid tussen het opladen van PEV’s en het residentiële 
elektriciteitsverbruik. 
Dit proefschrift onderzoekt verschillende lokale PEV-oplaadstrategieën, die als 
doelstelling hebben om de impact op distributienetten te verminderen met een 
minimale hoeveelheid aan externe input. Twee actieve vermogensstrategieën voor het 
opladen van PEV’s worden afzonderlijk en in combinatie beoordeeld: 
spanningsafhankelijk opladen en stilstand tijd-gebaseerd opladen. De eerste strategie 
heeft geen input nodig, omdat de netspanning toch wordt gemeten in de PEV-lader. 
De tweede strategie vereist alleen de volgende vertrektijd, zodat het laadvermogen 
zoveel mogelijk verminderd kan worden, terwijl de batterij toch volledig is opgeladen 
voor de volgende rit. 
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Naast de bovengenoemde actieve vermogensstrategieën, wordt er tevens een reactieve 
vermogensstrategie onderzocht, waarbij er reactief vermogen in het elektriciteitsnet 
wordt geïnjecteerd tijdens het opladen. Bepaalde PEV’s zijn uitgerust met een 
ladertopologie die deze functionaliteit toelaat, dus deze mogelijkheid zou bij deze 
PEV’s kunnen geïmplementeerd worden. Het voordeel ten opzichte van de actieve 
vermogensstrategieën, gegeven de juiste dimensionering van de PEV-lader, is dat 
deze net-ondersteunende maatregel geen invloed heeft op het comfort van de 
gebruiker, omdat het actieve laadvermogen niet wordt gewijzigd. Reactieve 
stroominjectie vereist geen externe input, omdat het slechts een power factor setpoint 
van de PEV-lader is. 
Tenslotte wordt de distributienetimpact en de dimensioneringsvereisten van 
snellaadinfrastructuur beoordeeld. In tegenstelling tot plug-in hybride elektrische 
voertuigen (PHEV’s), moet alle benodigde aandrijfenergie bij batterij elektrische 
voertuigen (BEV’s) worden geleverd door de batterij. Daarom is snelladen onmisbaar 
om over lange afstanden te rijden, zodat het opladen niet overdreven lang duurt. 
Omdat langzaam en snel opladen complementaire oplaadmogelijkheden zijn, wordt 
er met de verschillende laadstrategieën voor traagladen rekening gehouden bij het 
beoordelen van de vereisten voor snelladen. Bovendien wordt er met verschillende 
representatieve topologieën voor laagspanningsnetten rekening gehouden, evenals 
met een representatieve topologie voor middenspanningsnetten, waarmee de 
laagspanningsnetten en de snellaadinfrastructuur verbonden zijn. 
De voorgestelde lokale oplaadstrategieën voor actief en reactief vermogen laten toe 
om de distributienetimpact van het opladen van PEV’s aanzienlijk te beperken, met 
beperkte aanpassingen in vergelijking met de huidige implementatie. De actieve 
vermogensstrategieën kunnen worden geïmplementeerd op alle PEV-laders die 
tegenwoordig gebruikt worden. De reactieve vermogensstrategieën kunnen worden 
geïmplementeerd op PEV-laders met een volle brug actieve gelijkrichter topologie, 
zoals gebruikt wordt in verschillende PEV’s. De oplaadstrategieën voor traagladen 
hebben een grotere distributienetimpact dan de aanwezigheid van 
snellaadinfrastructuur. Daarom kan de beperkte extra distributienetimpact van 
snellaadinfrastructuur gecompenseerd worden door de implementatie van de 
voorgestelde oplaadstrategieën voor traagladen. 
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1.1 Context and motivation 
Transport accounts for approximately 20 % of the energy usage worldwide, of which 
about half is used by light duty-vehicles (LDVs) [1]. Because most vehicle make use 
of an internal combustion engine (ICE) of some kind, e.g., reciprocating engines and 
jet engines, more than 90 % of the transportation fuels are petroleum based fossil 
fuels, e.g., gasoline, diesel, and kerosene [1]. As a result, transportation accounts for 
approximately 25 % of the global CO2-emissions [1]. Besides this significant amount 
of energy usage and CO2-emissions, the ICEs are also a source of pollutant emissions, 
e.g., particulate matter (PM), NOX, and SO2. It is estimated that road transport account 
for about 50 % of the air pollution impacts and costs in the European Union (EU) [2]-
[3], exceeding 3 % of GDP in three quarters of the EU member states [3]. 
Electrification of LDVs is a manner to reduce the abovementioned negative impacts. 
The use of grid-supplied electricity as a transportation fuel in plug-in electric vehicles 
(PEVs), whether being battery electric vehicles (BEVs) or plug-in hybrid electric 
vehicles (PHEVs), allows to reduce the dependency of the transportation sector on 
fossil fuels [4]-[5], due to the primary fuel flexibility for electricity generation. 
Furthermore, the higher primary energy efficiency of electric vehicle propulsion 
compared to powertrains that are solely equipped with an ICE reduces the energy 
requirements for the transportation sector [6], as well as the related CO2-
emissions [7]. The absence of tailpipe emissions during pure electric driving reduces 
local concentrations of pollutant emissions, resulting in a positive impact on public 
health [8]. 
PEVs can provide further benefits, as they could adapt their grid electricity 
consumption pattern, to improve the load factor of the electricity consumption or to 
follow the variable generation pattern of renewable energy sources (RES) [9]. As a 
result, the share of RES can be increased at an acceptable cost, without compromising 
the security of supply of the electricity system [10]-[11]. This synergy of RES and 
PEVs as a flexible electric load allows for a simultaneous reduction of fossil-fuel 
dependency in both electricity generation and transport. Furthermore, because 
electricity is already widely available in a usable form in the built environment, the 
grid connection can be realized at a reasonable cost. 
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PEV charging will impact the different levels of the electricity system, depending on 
their penetration rate at the specific level [12]-[16]. Even though PEV sales are 
significantly increasing since 2010, their market share is still low [17]. However, 
similar to residential photovoltaic (PV) installations, local clusters of PEVs will occur 
soon. As a consequence, the distribution grid will already be impacted by PEV 
charging in the near-term future [18]-[24]. Therefore, distribution grid impact 
mitigation of PEV charging is necessary, to obtain a widespread high PEV penetration 
rate in the medium- to long-term future. 
1.2 Scope and objectives 
The objective of this dissertation is to analyze how the charging process of PEVs can 
be altered to mitigate their impact on low voltage (LV, <500 households) and medium 
voltage (MV, <5000 households) grids. As a result, the PEV hosting capacity of the 
distribution is increased, which defers distribution grid infrastructure investments. 
Flemish residential low voltage reference grid topologies, which are delivered by the 
two Flemish distribution system operators (DSOs), are used throughout this 
dissertation. The resulting distribution grid impact assessment is also applicable for 
other European regions, because similar grid topologies occur throughout Europe. 
Because no vast rural areas occur in Flanders, as there are for example in France, the 
results should are not to be generalized to such rural areas without further 
investigation. 
The focus is on distributed control strategies, as they are implemented within each 
PEV separately. These strategies require no communication between the PEV and the 
grid operator, direct or through a PEV charging aggregator, and a minimal input from 
the PEV user. These control strategies could be implemented in the short-term future, 
as they do not require widespread infrastructure adaptations. The investigated control 
mechanisms should be compatible with widespread coordination approaches that are 
expected to be implemented in the medium/long term future, when a sufficiently high 
PEV penetration rate occurs. 
Bidirectional charging strategies, often referred to as vehicle-to-grid (V2G), are not 
specifically considered, as the focus is on strategies that can be implemented in current 
PEVs. V2G typically requires hardware adaptations to the on-board charger, as most 
PEVs have a unidirectional charger topology. This might be overcome with an off-
board bidirectional charger, but still there is a need for a standardized V2G protocol 
to take into account PEV and grid parameters. 
Opposed to large scale mechanisms for the coordination of PEV charging, local 
control mechanisms have not been extensively investigated. More specifically, the 
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distribution grid impact of such local control strategies is investigated in this 
dissertation. The goal is to provide local control strategies for PEV charging that could 
be implemented in the near-term future, to mitigate problems caused by local clusters 
of PEVs. These control mechanisms make use of the inherent functionality of the 
power electronic interface between the PEV and the grid, to reduce the grid impact of 
the PEV charging process. Only when local grid constraints can be addressed 
effectively, the widespread rollout of PEVs and their required charging infrastructure 
can be realized. 
Even though slow and fast PEV charging influence each other, this has not been 
extensively investigated in the literature. Therefore, the requirements for both types 
of charging infrastructure are overestimated, as they both are assumed to supply all of 
the charging energy. The interdependency between slow and fast charging will be 
investigated, to assess the additional distribution grid impact of fast charging, taking 
into account the above mentioned local control mechanisms for slow charging. 
The focus in this dissertation is on passenger vehicles, because their usage pattern and 
specific power consumption is significantly different than for freight vehicles and 
buses. Furthermore, the charging opportunities and required charging infrastructure 
will be completely different for these other types of vehicles, and therefore, it requires 
a study on its own. 
1.3 Outline 
Chapter 2 gives a brief background on the aspects that influence the PEV charging 
process. First, the PEV topologies are discussed, in terms of their layout and resulting 
operational principles. Many different layouts are commercially available, and no 
convergence towards a single specific layout is expected. However, all of these 
layouts can support the electrification of a substantial amount of the mobility 
requirements, given a suitable sizing of the components. The batteries are discussed, 
as they are a key component in PEVs. 
The variety of common lithium-ion (Li-ion) battery cell types is summarized and 
compared. Because a battery pack consists out of multiple cells, the battery 
management system (BMS) is discussed. Furthermore, the battery charger topologies 
are discussed, because the combination of the BMS and the charger determines the 
charging process. The charging infrastructure is discussed, for which a significant 
level of standardization is present already. Finally, the distribution grid layout and 




Chapter 3 discusses the vehicle and fleet modeling for PEVs. First, the mobility 
behavior is modeled, for each individual vehicle and the resulting fleet mobility 
behavior, respectively. The segmentation of the vehicle fleet is modeled, to take into 
account the differences between subcompact, midsize, and large vehicles. This 
segmentation is relevant for a more accurate modeling of the individual energy 
consumption of each vehicle, taken into account the composition of the Flemish 
vehicle fleet. The specific power consumption is modeled, for a representative mix of 
urban, rural, and highway driving, using realistic driving cycles for a detailed 
assessment of the specific power consumption. 
The general parameters, which are similar for the three vehicle categories, are 
discussed and used to calculate the specific power consumption. A sensitivity analysis 
is performed on the general parameters, as they significantly influence the results. The 
resulting fleet power consumption is calculated and discussed. The daily power 
consumption for the fleet, and the impact of the PEV battery capacity, charging 
opportunities, and charging power rating on the fleet charging profile are discussed. 
Chapter 4 discusses the literature on coordinated charging of PEVs. The literature is 
structured in term of coordination layers, objectives, methods, and scales. Then, a 
correlation mapping is conducted to assess in which areas the research is concentrated. 
In this way, the missing links in the literature can be identified, more specifically in 
linking the coordination mechanisms to a practical implementation within the 
distribution grid in the near-term future. 
This dissertation will focus on the missing links in the literature, as they are required 
for a successful implementation of PEV charging infrastructure, which is a 
prerequisite for the large-scale rollout of PEVs. Local active and reactive power 
control mechanisms on the interface between the PEV and the grid are identified, as 
well as individual coordination mechanisms that only require a limited amount of 
input from the PEV user. 
Chapter 5 discusses the LV grid impact of active power control of PEV charging. 
Two strategies, serving different goals, are assessed separately and in combination. 
First, the voltage-dependent charging behavior is intended to provide a robust and safe 
mechanism in case the grid voltage magnitude bounds are exceeded. When the grid is 
in a disturbed state, the voltage dependent charging behavior avoids the grid going 
from the disturbed to the critical state, while not interfering in the charging process 
when the grid is in the normal state. 
Second, an individual coordination mechanism is used to limit the grid impact of PEV 
charging, while only require a minimal amount of input from the PEV user, i.e., the 
next departure time. Such type of coordination can be used as long as no widespread 
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coordination mechanisms are implemented, due to the low overall PEV penetration 
rate, while clusters of PEVs already occur in some LV grids. The coordination 
mechanism also influences the charging process when the grid is in the normal state, 
as the goal is to prevent the disturbed state. The combination of both mechanisms is 
investigated, as coordination and grid-stabilizing mechanisms will co-exist, each with 
their own objective. 
Chapter 6 discusses LV grid impact of reactive power grid injections during PEV 
charging. Certain charger topologies allow for the injection of reactive power flows 
into the grid, so this capability could be enabled. The advantage compared to the active 
power control strategies of Chapter 5 is that this grid-supportive measure does not 
influence the user comfort, given an appropriate sizing of the charger, as the active 
power flow is not altered.  
The LV grid impact of reactive power support is assessed, in terms of voltage 
deviations, peak power demand, and grid losses. The impact is discussed for different 
active power charging strategies, to assess the interdependency between both active 
and reactive power charging strategies. Furthermore, a sensitivity analysis to the LV 
grid topology is performed, to assess whether the reactive power control strategies are 
widely applicable. 
Chapter 7 discusses the sizing requirements and the MV/LV grid impact of fast 
charging infrastructure. Fast charging is indispensable for pure battery electric 
vehicles, as they have no backup on-board power source for when the slow charging 
capabilities are insufficient to meet certain mobility requirements. Opposed to fossil 
fuel stations, fast charging stations are not needed for all charging activities, as there 
are many slow charging options for PEVs. Therefore, it is of importance to take into 
account the complementarity between slow and fast charging infrastructure when 
assessing the sizing requirements and distribution grid impact.  
Different slow charging strategies are taken into account, to assess which parameters 
have the most significant grid impact, i.e., how much does fast charging impact the 
distribution grid compared to slow charging. Different LV distribution grid topologies 
are taken into account, to assess whether the conclusions are widely applicable. 
Chapter 8 summarizes the general conclusions of this dissertation. Future work on 






The main contributions of this dissertation are: 
 An improved PEV load modeling (Chapter 3), by taking into account mobility 
behavior, fleet composition, battery capacity, standardized charging power 
rating, and charging opportunities. 
 The identification of the need for local PEV charging strategies, to mitigate the 
residential LV (<500 households) and MV (<5000 households) grid impact 
(Chapter 4). These strategies are required to manage local clusters of PEVs, 
that will occur prior to a widespread penetration of PEVs, and therefore, prior 
to the presence of widespread coordinated PEV charging strategies. 
 An improved residential distribution grid scenario modelling: real (sub-) urban 
distribution grid topologies, measured (Chapter 5) or realistically modeled 
(Chapter 6 and 7) household load profile, and real PV power generation 
profiles. 
 The use of an unbalanced load flow methodology, to improve the grid impact 
assessment of the single-phase grid connection of the LV loads and generation. 
The methodology allows to assess the different types of three-phase grid 
topologies that occur, by making use of Carson’s equation (to include the 
neutral conductor impedance) and Kron’s reduction (to reduce the impedance 
matrix to 3x3) [25]. The load flow methodology can easily be expanded to 
split-phase grid topologies, as commonly used in North-America and Japan. 
 The design and assessment of local charging strategies (which are 
implemented within each PEV separately), both for active (Chapter 6) and 
reactive power (Chapter 7), that can be implemented in currently available 
PEVs. Therefore, these strategies are to be considered to mitigate the 
distribution grid impact of PEV clusters that are expected to occur in the near-
term future. 
 The combined modeling of slow and fast charging behavior, as they 
complement each other (Chapter 7), resulting in a more accurate assessment of 
the fast charging requirements. 
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2. Plug-in electric vehicle charging 
The general aspects of PEVs and PEV charging are explained briefly in this chapter. 
A classification of EV types is given (Section 2.1), followed by a brief overview of 
PEV batteries (Section 2.2), and the charging infrastructure and its related standards 
(Section 2.3). The distribution grid aspects related to PEV charging are discussed 
(Section 2.4), followed by the conclusions (Section 2.5). 
2.1 Electric vehicle types 
All electric vehicle (EV) types make use of electric propulsion to some extent. They 
recover kinetic energy during braking, by using the electric motor as a generator, 
which further increases their energy efficiency. There are large differences between 
the different EV types in their usage of electric propulsion. Battery electric vehicles 
(BEVs) fully rely on electric propulsion (Section 2.1.1), whereas (plug-in) hybrid 
electric vehicles ((P)HEVs) combine this with an ICE (Section 2.1.2). BEVs and 
PHEVs are both PEV types, as their propulsion batteries can be charged via the 
electric grid. 
2.1.1 Battery electric vehicles 
The propulsion energy for BEVs is fully supplied by the on-board batteries that are 
charged via the electric power system and via regenerative braking (Figure 2.1). The 
electric motor is connected to the wheels via a transmission that typically has one 
fixed gear ratio, as the electric motor has a wide torque range. However, it is possible 
that future BEVs will have multi-speed transmissions, in order to further increase the 
operating range. 
All current commercially available BEVs and (P)HEVs make use of AC electric 
motors, and different types are being used by different BEV manufacturers (e.g., 
permanent magnet synchronous motors [26], induction motors [27], and synchronous 
motors with external excitation [28]). As a result, a DC to AC conversion is needed 
to feed these AC motors with energy supplied by a battery. Typically, both a DC/DC 
convertor and a DC/AC convertor are used. Hereby, the DC input voltage for the 
DC/AC convertor can be kept constant when the DC output voltage of the battery 
drops when its state of charge (SOC) decreases. 
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Figure 2.1: BEV powertrain topology. 
 
2.1.2  (Plug-in) hybrid electric vehicles 
(P)HEVs occur in many topologies, which differ in the way how the energy supplied 
by the ICE and the electric motor are combined. There are HEVs with and without the 
option to be grid-connected for recharging the battery. The former can recharge their 
battery through regenerative braking, and through the ICE. In this way, braking power 
is recovered and the ICE can operate in a more efficient working point. PHEVs further 
improve energy efficiency by recharging the battery through the electric power system 
instead of through the ICE. Typically, PHEVs have a larger battery capacity compared 
to HEVs, so that more pure electric driving occurs [29]-[30]. 
 Series hybrid 
In the series hybrid topology, the (P)HEV is exclusively propelled by the electric 
motor (Figure 2.2). Therefore, the series hybrid topology shows a lot of similarities 
with the BEV topology. The required electric energy is delivered by the battery, by 
the ICE, or a combination of both. The ICE is connected to an electric generator, to 
convert mechanical into electrical power. The addition of both power sources happens 
electrically in the series hybrid topology. The power rating of the battery pack 
determines to which extent the vehicle can drive purely on battery power [31]. 
As there is no mechanical connection between the ICE and the wheels, there is no 
need for a multi-gear transmission for the ICE. This allows the drivetrain designer to 
size the ICE for steady-state power requirements, as the power peaks can be supplied 
by the battery, if properly sized [32]. Therefore, there are less stringent performance 
requirements for the ICE, which allows to optimize its thermodynamic cycle and 
operation strategy for improved energetic efficiency. 
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Figure 2.2: Series hybrid powertrain topology. 
 
 Parallel hybrid 
In the parallel hybrid topology, the addition of the ICE and electric motor torques is 
performed mechanically (Figure 2.3). Both the ICE and the electric motor are 
mechanically connected to the wheels via a transmission, but implementations differ. 
Typically, the electric motor also makes use of the multi-gear transmission of the 
ICE [33]. Therefore, the parallel hybrid shows lots of similarities to conventional ICE 
vehicles, and the electric motor is typically built into the transmission, thereby making 
the powertrain similar to a conventional one. 
Similar to the series hybrid topology, the power rating of the battery and electric motor 
determines to determine to which extent the vehicle can drive purely on battery power. 
Typically, both power sources are required to deliver the peak power [33]. However, 
peak power is only required for a fraction of the driving conditions, and there are many 
situations where the driving power requirements are relatively limited. Therefore, 
even with a limited power rating for the battery and the electric motor, a large fraction 
of the driven distances can be covered with electric power. 
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Figure 2.3: Parallel hybrid powertrain topology. 
 
An alternative parallel hybrid system combines the electric and ICE power through 
the two different axes (Figure 2.4) [34]. In this way, the ICE is connected to the wheels 
in an identical manner as in a conventional vehicle, there is no influence of the electric 
propulsion on the ICE powertrain. Therefore, this system is well suited for vehicles 
that are offered with both (plug-in) hybrid and conventional powertrains. The electric 
motor is typically connected with a single-speed transmission to its axis. An additional 
advantage of this system is the possibility to provide an energy-efficient four-wheel 
drive powertrain, which is very popular in colder climates. 
 
 
Figure 2.4: four-wheel drive parallel powertrain topology. 
 
 Combined series-parallel hybrid 
Besides the pure series and parallel topologies, there are combined topologies (Figure 
2.5). One of the best known examples is the Toyota Prius [30], which actually blends 
both modes continuously by means of a power-split device. At lower speed, most of 
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the ICE power flows via the series hybrid path to the wheels, while at higher speeds, 
the majority of the ICE power flows through the parallel hybrid path. Other topologies 
switch between both series and parallel hybrid modes, typically operating as a series 




Figure 2.5: Combined series-parallel hybrid power train topology. 
 
For example, the Mitsubishi Outlander PHEV works as a front-wheel driven series 
hybrid at low speeds, but provides a single-speed direct connection between the ICE 
and the front wheels at high speeds [31]. In this way, the conversion losses at higher 
speeds are eliminated. Furthermore, there is another electric motor connected to the 
rear axle [31], to provide four-wheel drive. This example shows that many topologies 
are being used and combined, and there is no clear convergence at this moment. 
2.2 Plug-in electric vehicle batteries 
All modern PEVs make use of lithium-ion (Li-ion) battery cells for the propulsion 
battery pack. Nevertheless, PEVs still have a 12 V battery to supply the auxiliaries, 
which is also required to start the vehicle. This battery is charged by the propulsion 
battery pack via a DC/DC converter, when the vehicle is engaged or when the vehicle 
is charging. As a consequence, it is still not possible to start the vehicle if the 12 V 
battery is fully discharged. 
Li-ion refers to a group of battery cell chemistries in which lithium ions flow from the 
negative electrode to the positive electrode through the electrolyte and separator 
during discharging, and in the reverse direction during charging [35]. Different 
cathode and anode materials are being used, which determine the properties of the 
battery cells (Figure 2.6). The anode is typically carbon, with the exception of LTO 
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batteries (Li4Ti5O12). They are used in some electric buses that are used for public 
transport [36], because they are well suited for fast-charging, and in that application a 
low energy density is less of an issue. 
 
 
Figure 2.6: Frequently used cathode and anode materials for PEV Li-ion batteries. 
 
2.2.1 Cell types 
In the past, LCO-anode batteries (LiCoO2) were used [37], which is the same cell type 
as used in consumer electronics. These cells have a high specific energy density, but 
a low specific power and a limited life span, which makes them less suited for PEVs. 
Therefore, different anode materials have been developed, of which four are typically 
applied nowadays in PEVs. These can be used for single-material anodes, or in a mix 
to combine the advantages of the different materials. 
The LMO battery (LiMn2O4) was developed as an improvement compared to the LCO 
battery. The lower internal resistance supports a higher power density and fast-charge 
capability [26], but the trade-off is a reduced lower energy density compared to LCO 
batteries. A newer chemistry is used in the NMC battery (LiNiMnCoO2), which tries 
to combine the good properties of LCO and LMO [32], while lowering the raw 
material cost due to the lower amount of cobalt compared to LCO. LMO and NMC 
are currently the typical anode materials for mass-production PEVs. 
NCA batteries (LiNiCoAlO2) are used in applications where the combination of high 
specific power and energy is very important, such as high-performance BEVs [27] 
and PHEVs [29]. The trade-off is a higher cost and more attention is needed to 
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guarantee safe operation, through a more sophisticated battery management system 
and thermal management. On the other side of the spectrum, LFP batteries (LiFePO4) 
are characterized by their very low internal resistance, thermal stability, robustness, 
high current rating and long cycle life. The trade-off is the lower energy density, below 
that of LMO batteries. This makes them also more suitable for fleet vehicles that can 
make frequently use of fast charging [38]. 
2.2.2 Battery pack 
Multiple battery cells are connected, in series and in parallel, to obtain a usable voltage 
and current rating on a pack-level. Typical rated voltages for BEV are between 350 V 
and 400 V [26]-[27], while for PHEVs the voltages range between 200 V and 400 V, 
depending on the battery capacity [29], [39]. Because each battery pack consist out of 
multiple battery cells that are not identical, a battery management system (BMS) is 
essential. The BMS is needed to keep each cell within its safety margins, determined 
by the temperature, current, and voltage envelopes [40]. 
Furthermore, the SOC of the cells might deviate considerably after multiple 
(dis)charging cycles, because they are not identical. Then, if one of the cells within a 
series connection reaches the lower SOC limit, while the others do not, the entire 
series connection cannot discharge anymore. As a result, the usable capacity of the 
battery pack is reduced when the cells are not balanced. Therefore, the BMS also 
provides balancing between the cells, so that the SOC of all cells stays approximately 
the same. Several balancing algorithms are used (e.g., voltage-based, final voltage-
based, and SOC history-based), of which the vast majority performs balancing only 
during the charging process [40]. 
Discharging common lithium batteries to an extreme low SOC limits the power 
output, and such a high depth of discharge (DOD) may also impact the battery 
lifetime [41]. Some manufacturers allow a relatively high DOD, e.g., the 2012 Renault 
Fluence ZE uses 22 of the 25.87 kWh rated capacity [42], resulting in a DOD of 85 %. 
Other manufacturers are more conservative, e.g., the 2012 Chevrolet Volt uses 10.8 
of the 16.5 kWh [39], keeping the SOC between 19.5 and 85 %. The upper SOC is 
limited, as this increases the battery lifetime as well [41]. Some manufacturers, such 
as Nissan and Tesla, make the upper SOC charging limit adaptable for the PEV user, 
to maximize the driving range when required, while increasing the battery lifetime 
when the maximal driving range is not needed [26]-[27]. 
Typically, the constant current constant voltage charging profile (CCCV) is typically 
used for charging Li-ion cells (Figure 2.7). Sometimes, this charging profile is 
implemented in a discretized manner, with a multistage constant current phase, during 
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which the charging current is reduced in a set of discrete steps, as the battery cell is 
approaching full charge (Figure 2.8). 
 
 
Figure 2.7: Constant current constant voltage charging profile for a single battery cell. 
 
 
Figure 2.8: Illustration of a multilevel constant current charging profile for a battery pack. 
 
Depending on the balancing algorithm, the aggregated charging profile of the battery 
pack might differ significantly for the charging profile of an individual battery cell. 
Three different PEV charging profiles where measured on currently available PEVs 
(Figure 2.9) [43]. Charging profile A looks very similar to the CCCV charging profile 
of an individual cell, which indicates that the balancing occurs in a continuous manner 
during (a part of) the charging process [40]. Charging profiles B and C look 
substantially different from charging profile A, as the charger works in a 
discontinuous manner during the constant voltage phase, to perform balancing during 
the off-time intervals [40]. 
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Figure 2.9: Charging current measurements for 3 commercially available PEV models [43]. 
 
2.2.3 Battery charger 
For all types of PEVs, the battery pack is charged from the electricity grid. The battery 
charger performs several functions during the charging process. First, there is the 
AC/DC convertor, which rectifies the AC current that is drawn from the grid. Second, 
the DC/DC converter connects the DC bus to the battery pack that has a voltage that 
depends on the SOC and the charging current. The AC grid current must be drawn 
with a low distortion to keep the power quality impact within the regulatory bounds, 
and the power factor must be high enough to efficiently make use of the available 
utility power [44]. There are multiple standards that limit the allowable harmonic 
current injections into the grid [45]-[47], to which PEV chargers are designed to 
comply with, just like other power-electronic grid interfaces [44]. 
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The most common topology for on-board battery chargers is the (interleaved) boost 
rectifier combined with a unidirectional DC/DC convertor (Figure 2.10). A diode 
bridge rectifies the AC input voltage to DC, and the DC current amplitude can be 
controlled through the switching behavior of the boost section. By controlling the 
rectified DC current to be in phase with the amplitude of the AC grid voltage, a unity 
power factor current is drawn from the grid. Interleaving is typically used for power 
ratings above 1 kW, to reduce the charging current ripple and the component size. 
However, as the power rating increases, the diode bridge losses significantly degrade 
the efficiency [48]. 
 
 
Figure 2.10: Interleaved boost rectifier topology [44]. 
 
A single-/three-phase full-bridge active rectifier is commonly used for higher power 
ratings and/or efficiency (Figure 2.11). The forced modulation allows to introduce a 
certain phase angle between the charging current and the grid voltage, thereby being 
able to provide reactive power grid support. Because the active full-bridge rectifier 
can also create a 180-degree current phase angle, it allows for bidirectional power 
flows, if the charger is equipped with a bidirectional DC/DC convertor [49]. Some 
PEVs use a full-bridge active rectifier in their on-board charger that allows to charge 
through both single-phase and three-phase grid connections [27]. 
 
 
Figure 2.11: Single-phase (left) and three-phase (right) full-bridge 
active rectifier topology [44]. 
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2.3 Charging infrastructure 
Generally, the off board charging infrastructure is named electric vehicle supply 
equipment (EVSE). The PEV is connected to the EVSE via a cable, which has a 
connector on the PEV side and a plug on the EVSE side (Figure 2.12). The PEV 
battery charger rectifies the AC electricity and controls the resulting DC charging 
current that flows to the battery. 
 
 
Figure 2.12: Charging infrastructure for PEV charging [35]. 
 
AC charging occurs if the battery charger is located inside the PEV, which is supplied 
with AC grid power from the EVSE. For DC charging, the charger is located inside 
the EVSE and the PEV is supplied with DC power (Figure 2.12). For inductive 
charging, the charger is split between the vehicle and the EVSE, and the power 
transfer is realized via inductive power transfer. Inductive charging will not be further 
discussed, as it is not fully standardized yet. The International Electrotechnical 
Commission (IEC) created the standard IEC 61851-1 for conductive charging [50]. 
2.3.1 Charging cases 
According to IEC 61851-1, there are three charging cable configuration cases: 
 Case A: the charging cable is attached to the PEV. The cable plug must be 
compatible to the EVSE socket. 
 Case B: a loose cable is used, with a connector at the PEV side and a plug at 
the EVSE side. 
 Case C: the cable is attached to the EVSE. The cable connector must be 
compatible with the PEV inlet. 
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Case A is rarely used, as there is no flexibility in EVSE sockets to connect with.  Only 
for PEVs with a limited energy demand, such as electric bicycles and the Renault 
Twizy [51], Case A is implemented, thereby equipped with a standard domestic plug 
at the cable end. 
Most PEVs are Case B and C compatible, whether being BEVs (e.g., Nissan 
Leaf [26], Kia Soul EV [52], and VW e-Golf [53]) or PHEVs (e.g., Chevrolet 
Volt [39], Mitsubishi Outlander PHEV [31], and VW Golf GTE [33]). These PEVs 
all have a dedicated PEV inlet, and the charging mode will depend on the EVSE to 
which they are connected. Case B allows to create a high degree of compatibility 
between different vehicle inlets and EVSE sockets. This is relevant for areas where 
multiple PEV inlet types and EVSE socket types occur, such as Europe. 
2.3.2 Charging modes 
The IEC 61851-1 standard also defines four different charging modes: 
 Mode 1: single- and three-phase AC charging currents up to 16 A (3.3/9.9 kW 
for 230/400 V), for which the grid connection occurs through a standard 
domestic socket. 
 Mode 2: single- and three-phase AC charging currents up to 32 A (6.6/19.8 kW 
for 230/400 V), for which the grid connection occurs through a standard socket 
and cable that is equipped with an in-cable protection device. 
 Mode 3: hard-wired AC charging infrastructure for currents up to 32 A 
(6.6/19.8 kW for 230/400 V) for Case B, and up to 63 A (13.2/39.6 kW) for 
Case C. 
 Mode 4: DC charging up to 400 A, making use of an off-board charger. 
Mode 1/2 charging are carried out from a common single- or three-phase household 
socket. For Mode 1, the maximum continuous current is set through resistive coding 
between the in-cable power indicator and the ground [54]. Mode 2 is equipped with 
an In-Cable Control and Protection Device (IC-CPD) integrated into the charging 
cable. The IC-CPD incorporates a residual current device (RCD), protective earth 
(PE) monitoring and a pilot control (communication) function [54]. 
A charging current rating of 10 A is typically used for Mode 2 chargers in Europe, as 
the 16 A maximum rating of most sockets can cause overload in the household 
wiring [55]. For Mode 3, the RCD, PE, and control pilot function are located in the 
off-board charging infrastructure [54]. Common current ratings for Mode 3 charging 
are 16 A and 32 A, which can be supplied by LV power circuits with a 20 A and 40 A 
miniature circuit breaker rating (MCB), respectively. 
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Most PEVs are Case B/C compatible and they are typically delivered with a Mode 1/2 
adapter cable that has an inlet-compatible connector on the one side, and a domestic 
socket on the other side. This allows the use of standard domestic sockets, albeit at a 
low power rating, resulting in long charging times. The in-cable resistive coding for 
Mode 1, and the pulse width modulation (PWM) control pilot signal for Mode 2/3 put 
a limit on the PEV charging current [54]. The effective instantaneous current the PEVs 
draw is controlled by the on-board charger and cannot exceed its current rating. 
Furthermore, the charging power is reduced when the battery reaches its maximum 
SOC [56]. 
Mode 3/4 charging make more effective use of the available power supply, because 
the EVSE has a dedicated power circuit to which it is connected. This results in a 
shorter charging time compared to Mode 2, as typically a current rating above 10 A is 
available. Mode 3 charging offers the possibility to continuously adapt the charging 
current limit of each PEV through variations in the control pilot signal, to which the 
chargers have to respond within 5 s. This provides a higher degree of flexibility for 
controlled charging strategies compared to on-off switching. For instance, the 
allowable charging current could be adapted to anticipate on fluctuating local 
photovoltaic power generation. For power ratings exceeding the on-board charger 
rating, Mode 4 charging is used, as there are less stringent space and weight 
limitations for an off-board charger.  
However, Mode 3/4 charging also has disadvantages. A dedicated infrastructure is 
required, which results in fewer charging opportunities compared to Mode 1/2. 
Therefore, it must be considered whether the advantages of Mode 3/4 charging 
infrastructure outweigh the disadvantages. For instance, the investments in Mode 3 
charging infrastructure at home, which allows to charge at 16 A/3.3 kW, might be 
unnecessary if the vehicle is parked at home for a sufficiently long time. Furthermore, 
resistive charging losses and battery aging are lower with lower charging 
currents [57]. From this point of view, it is better to charge at a lower current for a 
longer amount of time. 
The charging power rating should be matched to the standstill time at the charging 
location. At home and at the workplace, Mode 2 or low-power Mode 3 (up to 10 kW) 
charging infrastructure is sufficient to recharge the battery within the typical standstill 
time span. At locations where a short standstill time is crucial, e.g., at public or 
highway recharging stops, high-power Mode 3/4 charging infrastructure is more 
suited. These will be used for the occasional trips that exceed the electric driving 
range. Therefore, they are only needed for a minority of the charging actions, but are 
crucial for BEVs to become a valid alternative for conventional vehicles. 
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2.3.3 Connection types 
Different types of plugs/sockets and inlet/connector types are used for the connection 
between the PEV and the AC EVSE (Table 2.1): 
 Domestic type plug/socket: usable for Case A/B and Mode 1/2, so the vehicle 
can charge at a standard domestic socket. 
 IEC 62196-2 Type 1: this inlet/connector is also known as SAE J1772, and is 
usable for Case B/C and Mode 1/2/3. It is the standard inlet/connector for 
Japanese and American PEVs, also for the ones being sold in Europe. 
 IEC 62196-2 Type 2: this is both inlet/connector and plug/socket, for Case B/C 
and Case A/B, respectively, for Mode 1/2/3 charging. It is the standard 
inlet/connector for European PEVs, and the standard Mode 3 EVSE socket in 
most European countries. 
 IEC 62196-2 Type 3: this plug/socket type is usable for Case A/B, for Mode/3 
charging. This plug/socket type is used in some European countries, but will 
be phased out in favor of Type 2. 
In the USA and Japan, PEVs are always equipped with Type 1 inlets, which allows 
all PEVs to perform Mode 1/2 charging with a charging cable that has a Type 1 
connector. Only Case C occurs for Mode 3 charging infrastructure in the USA, 
eliminating the need to carry along a Mode 3 charging cable. PEV users only need to 
carry a cable for Mode 1/2 charging in the USA. 
 
Table 2.1: Overview of the AC plug/socket and inlet/connector types. 
IEC 62196-2 Type 1 Type 2 Type 3 
 Maximum current [A] 
Mode 2 32 32 / 
Mode 3 80 63 32 
Vehicle inlet/ connector Yes Yes No 
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In Europe, both Type 1 and Type 2 PEV inlets occur. Therefore, two types of 
Mode 1/2 charging cables exist. For Mode 3 charging, both Case B and Case C occur. 
The advantage of Case B is that all different combinations of EVSE sockets and 
vehicle inlets are compatible, by making use of the appropriate charging cable. 
Therefore, Case B is typically used for public charging infrastructure with currents up 
to the allowable limit of 32 A. However, a specific vehicle only needs one Mode 3 
charging cable, as there is a preferred socket type in most geographic areas [58].  
In January 2013, the European Commission has announced the use of the Type 2 
plug/socket as the common standard for public charging infrastructure, thereby 
phasing out the Type 3 plug/socket over time. A common configuration for public AC 
charging infrastructure in Europe is supplied with both a standard domestic socket and 
Type 1 or Type 2 socket. This guarantees that all PEVs can be charged due to the 
presence of the domestic socket, and that Mode 3 charging is possible with the 
appropriate charging cable. At home, Case C charging infrastructure can be used to 
increase the user comfort, as the PEV inlet type is known. 
For DC charging, two systems are found in Europe and will likely remain in use 
(Figure 2.13). European and North-American PEV manufacturers use the Combined 
Charging System (CCS), with the appropriate AC inlet/connector type for the region 
where it is deployed, while the Japanese manufacturers use the CHAdeMO system. 
Tesla motors has its own dedicated fast-charging infrastructure, which currently 
cannot be used by vehicles from other manufacturers, but it is backwards compatible 
with the CHAdeMO system, when using the appropriate adapter [59]. Furthermore, 
Tesla has released a series of patents, including those concerning fast charging. 
Therefore, it might be possible that this charging infrastructure might be shared with 
others in the future. 
 
 
Figure 2.13: European Combined Charging System (left) and CHAdeMO (right). 
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The different fast-charging systems are not compatible, but fast charger manufacturers 
already offer multi-standard chargers. Only the vehicle interface is different, while the 
power electronic topology is identical for each standard. Therefore, it is easier to 
implement fast charging stations than conventional fuel stations, as they have to 
provide different fuels to be compatible with different ICE-vehicle types. 
Furthermore, the grid connection guaranties a supply of electricity, opposed to a 
comprehensive logistic system for supplying fuels to conventional fuel stations. 
Therefore, it requires substantially less effort to operate a fast charging station 
compared to a conventional fuel station. 
2.3.4 Grid connection 
All types of EVSE require a LV grid connection, which can be single-phase (230 V 
in Europe) or three-phase (400 V line-to-line in Europe). The typical current ratings 
for electric installations, and the resulting apparent power ratings are summarized in 
Table 2.2, as well as the effective charging current. The charging current is a function 
of the grid voltage, which can deviate up to 10 % during normal operation 
(Section 2.4.3). 
 
Table 2.2: Current ratings, corresponding single- and three-phase power ratings, and the 
effective charging current as a function of the grid voltage, for European LV grids. 
Current 
rating [A] 
Power rating [kVA] Charging current [A] 
Single-phase Three-phase 
Grid voltage [pu] 
0.9 1.0 1.1 
6 1.2 3.7 6 5.4 4.9 
10 2.1 6.2 10 9.0 8.2 
16 3.3 9.9 16 14.4 13.1 
32 6.6 19.9 32 28.8 26.2 
63 13.0 39.1 63 56.7 51.5 
80 16.6 49.7 80 72.0 65.5 
100 20.7 62.1 100 90.0 81.8 
250 51.8 155.3 250 225.0 204.5 
 
Many mode 2 charging cables foresee an option to reduce the charging current to a 
value as low as 6 A [60], the lowest current rating that can be communicated through 
the control pilot signal for Mode 2/3 [54]. This reduced charging current rating can be 
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applied to avoid overloading, when the EVSE is connected to a power circuit that not 
allows to supply higher currents continuously. As a result, even though the power 
rating is significantly reduced, the PEV can still be charged. As a result, each properly 
functioning domestic socket can be considered as a grid connection for PEV charging. 
For Mode 3 charging, typically single-phase or three-phase current ratings of 16 A or 
32 A are used, depending on the topology and current rating of the PEV charger and 
the EVSE. For example, a typically occurring single-phase current rating for a 
residential grid connection is 40 A [61]. Because this grid connection supplies all the 
domestic loads, the EVSE current rating is typically limited to 16 A, also if the PEV 
charger itself has a higher current rating (typically 32 A for recent BEVs [26], [52]). 
The power circuit for a 16 A load can be protected with a 20 A circuit breaker, which 
is commonly used in residential electric installations. 
Alternatively, Mode 3 charging infrastructure could provide a variable control pilot 
signal. This allows to make more effective use of the available grid connection, while 
still not exceeding its current rating. For example, for a typical single-phase residential 
grid connection with a 40 A current rating and a PEV with a single-phase 32 A on-
board charger, this allows to charge the PEV at currents up to its rating, as long as the 
non-PEV residential loads draw less than 8 A of current. Otherwise the charging 
current will be reduced to keep the total current below 40 A [62]. 
For high-power AC charging and high-power DC charging, power ratings of more 
than 40 kW are used. In Europe, such power ratings always require a three-phase grid 
connection, resulting in current ratings of more than 63 A [62]. When more than one 
fast charger needs to be grid connected at one spot, a separate LV feeder is often 
required to supply such high current ratings. For fast charging stations with more than 
four chargers [63], [59], the apparent power rating amounts to more than 160 kVA, 
which is in the order of magnitude of a typical European residential LV grid. 
Therefore, such fast charging stations are connected to the MV grid via their own 
MV/LV transformer. 
2.4 Distribution grid 
2.4.1 LV grid layout 
Because low-power PEV charging infrastructure will be grid-connected within the 
existing LV grid, its layout is discussed here. Two main types of LV grid topologies 
can be distinguished: the European and the North-American system. The former is 
discussed here, as the focus in this dissertation is on Europe. The North-American LV 
system is discussed in Appendix A. 
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In Europe, relatively large MV/LV transformers serve a relatively large amount of 
customers, typically more than 100 households per transformer [64]-[65]. The LV 
feeders are typically three-phase feeders that can exceed 1 km in length in low-
populated areas, to which single- and three-phase customers can be connected. Single- 
or two-phase grids may occur in very sparsely populated areas [65]-[66].  
Three typical LV distribution grid topologies are illustrated in Figure 2.14. Each 
topology has a TT-grounding arrangement, i.e., with an independent grounding 
connection at each house, and a separate one at the transformer. In Flanders, as well 
as in most European (sub-) urban areas, the majority of the LV grids have a 
3×400 V + N topology with a TT grounding arrangement, and a grounded-wye 
secondary transformer connection [61]. Single-phase customers have a 230 V line-to-
neutral grid connection, and three-phase customers have a 4-wire grid connection that 
offers 230 V line-to-neutral and 400 V line-to-line. 
 
 
Figure 2.14: Typical Flemish distribution network topologies, with single-phase 
(house A, B, and C) and three-phase (house D) grid connections. 
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About 23 % of the Flemish residential customers have a three-phase grid connection 
to a 3×400 V + N grid topology, typically with a 25 A current rating [67]. About 43 % 
of the Flemish households have a single-phase grid connection to this grid topology, 
typically with a 40 A current rating [67]. The remaining 34 % of Flemish households 
are connected to a 3×230 V topology with a TT grounding arrangement, without a 
dedicated neutral conductor [67]. Grounded-wye and grounded-delta secondary 
transformer connections both occur in Flanders. Single-phase customers are 
connected line-to-line in these grids. For three-phase loads that require 400 V line-to-
line, a three-phase delta-wye isolation transformer is installed. 
It has been observed that the absence of a dedicated neutral conductor causes single-
phase charging problems for some PEVs [67]. It is assumed that these PEVs measure 
the electric potential difference between the perceived neutral line and the grounding, 
as a safety precaution. Within the 3x230 V grid topologies, this potential difference 
amounts to 133 V, and the PEV assumes that there is a safety risk. These charging 
issues can be solved by installing a single-phase isolation transformer to create a 
dedicated neutral conductor. 
Fast charging infrastructure needs a 3×400 V + N grid connection [68], which can be 
delivered through an existing MV/LV transformer, if there is sufficient capacity 
available. Typically, the fast charger will be connected to the MV/LV transformer 
through a dedicated feeder. If the available grid has a 3×230 V topology, a three-phase 
delta-grounded wye isolation transformer is installed to create the require voltage 
level. If there is insufficient capacity available, a transformer upgrade is needed. 
Alternatively, a dedicated MV/LV transformer can be used to feed the fast charging 
infrastructure, which is typically done when multiple fast chargers (≥ 4) are 
installed [59], [63]. 
2.4.2 MV grid layout 
PEV charging infrastructure is connected to the MV grid, either via an existing LV 
grid (Section 2.4.1), or via a dedicated MV/LV transformer when the charging load is 
substantial, such as for fast charging stations with multiple chargers. European MV 
grids have a three-phase topology without a neutral conductor, to which the three-
phase MV/LV transformers are connected through a delta-configuration at the 
primary side [65]. North-American MV grids are three-phase with a multigrounded 
neutral conductor, to which the single-phase MV/LV transformers are connected line-
to-neutral. The three-phase MV/LV transformers are typically connected through a 
grounded-wye or delta connection at the primary side [65]. 
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Both for European and North-American MV grids, there are two typical MV grid 
topologies. There are purely radial MV grids that can have many laterals, which can 
only be fed through one point. Radial grids typically occur in areas with a low load 
density [69]. For areas with a high load density, the open ring topology is typically 
used, i.e., a feeder without laterals that can be fed through either end, in order to 
increase reliability. During operation, the open ring topology grid is only fed through 
one side, thereby performing as a radial topology [69]. 
The voltage classes are similar in European and North-American MV grids: 5, 15, 25, 
and 35 kV are the typical occurring voltage classes [65]. These classes refer to a set 
of voltage levels that are approximately the same. For example, the operational 
voltage levels of 12.47 kV, 13.2 kV, and 13.8 kV are all within the 15 kV class [65]. 
Furthermore, both European and North-American MV grids are typically connected 
to the HV grid via a HV/MV transformer with at delta-grounded wye 
configuration [65]. 
2.4.3 Distribution grid constraints 
Distribution grids have to operate within certain envelopes, which can be related to 
service standards or to grid component constraints, to assure that the customers’ needs 
are met in a safe and satisfactory manner [70]. Voltage and quality standards are 
typical examples of distribution grid service standards. These standards result in 
operational envelopes, within which the distribution grid has to be operated. On the 
other hand, there are grid components constraints, such as feeder current ratings and 
transformer apparent power ratings. These component constraints should not be 
exceeded, in order not to damage the grid components. The grid operators are 
responsible for keeping the system parameters within their margins, and the 
manufacturers of electric appliances are responsible for making their products work 
appropriately and safely within these margins. 
Current harmonics are not further discussed here, because there are standards to which 
PEV chargers have to comply in terms of the harmonic contamination in the currents 
they draw. If these standards would be insufficient, they need to become stricter. This 
kind of analysis is out of scope here, as this is related to the design and control aspects 
of power electronic interfaces in general, not specifically to PEV chargers [71]. The 
same counts for voltage flicker, which is typically related to the startup and shutdown 
of large loads with high inrush currents, such as large electric motors. For power 
electronic interfaces, this can be mitigated through the control of the startup and 
shutdown process [71]. 
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 Voltage magnitude constraints 
The voltage magnitude should stay within a specified range around the rated value, to 
ensure that electric appliances can be operated in a safe and satisfactory 
manner [70], [72]. The supply voltage characteristics in Europe are standardized as 
described in the EN50160 standard [73]. The standard specifies that the 10 min mean 
rms voltage magnitude deviation at each phase 𝑝ℎ of each grid connection node 𝑖 
should not exceed ±10 %, measured on a weekly base [73]. For undervoltage, a wider 
range is allowed in the measurement procedure: -15 % to -10 % for 5 % of time: 
0.9 · 𝑈rat ≤ |𝑈𝑝ℎ,𝑖| ≤ 1.1 · 𝑈
rat; 
for > 95 % of all 10 min intervals of any week; 
(2.1) 
0.85 · 𝑈rat ≤ |𝑈𝑝ℎ,𝑖| ≤ 1.1 · 𝑈
rat. (2.2) 
𝑈rat  and |𝑈𝑝ℎ,𝑖| are the rated voltage magnitude and the voltage rms magnitude at 
phase 𝑝ℎ and grid connection node 𝑖, respectively. Thus, in the planning and design 
phase, the goal is to keep the grid voltage magnitude deviations within the 10 % range. 
Because voltage variations occur throughout the entire supply system, a fraction of 
the 20 % voltage deviation range (+10 %/-10 %) is assigned to each of the voltage 
levels, which is illustrated in Figure 2.15 for Flanders. The distribution of the voltage 
deviation margins is as follows in Flanders: 4 % for HV (+2 %/-2 %), 6.5 % for MV 
(+1.5 %/-5 %), 7.5 % for LV (+1.5 %/-6 %), and 2 % for voltage unbalances (+1 %/-
1 %) [74]. The asymmetric assignment of the voltage deviations (+6 %/-14 % in total) 
is corrected through the off-line transformer tap settings. 
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Figure 2.15: Distribution of the voltage deviation margins across 
the different levels of the power system, for Flanders. 
 
 Voltage unbalance constraints 
The uneven distribution of single-phase loads [75] and asymmetric conductor 
configurations [70] lead to unequal voltage drops in the different phases of the 
distribution grid. In European standards, the voltage unbalance factor 𝐹𝑖
VU, for grid 
connection node 𝑖, is defined as follows: 
𝐹𝑖
VU  =  |𝑈𝑖
𝑁 𝑈𝑖
𝑃⁄ |. (2.3) 
𝑈𝑖
𝑃 and 𝑈𝑖
𝑁 are the positive and negative sequence voltages at grid connection node 𝑖, 
respectively. Due to the presence of many varying single-phase loads, a certain degree 
of voltage unbalance is unavoidable in residential distribution grids. However, an 
excessively high 𝐹𝑖
VU value negatively impacts the power system, as well as three-
phase electric and electronic end-user appliances [70]. Therefore, the EN50160 
standard specifies that the 10 min mean rms value of 𝐹𝑖
VU should be below 2 % for 
95 % of time, measured on a weekly base [73]: 
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𝐹𝑖
VU ≤ 2 %;  
for > 95 % of all 10 min intervals of any week. 
(2.4) 
The transmission system operator (TSO) is responsible to keep the HV voltage level 
within the limits, and the DSO is responsible for the MV/LV voltage constraints. If 
the voltage magnitude or unbalance constraints are exceeded, the TSO or DSO will 
have to find solutions to reduce the voltage deviations. For instance, feeders will 
(partially) be upgraded to a larger cross section. Voltage constraints are hard real-time 
constraints, as they have to be met at all times, to guarantee a safe and satisfactory 
operation of the electrical equipment that is grid-connected. 
 Load ratings and grid losses 
Grid components, such as feeders and transformers, have a load rating that is typically 
defined as an apparent power rating or current rating. If the load rating of these 
components is exceeded, accelerated ageing occurs, which reduces their technical 
lifetime [76]-[77]. This might increase the exploitation costs of the distribution 
system, when the technical lifetime of the system assets is reduced below the 
economic and strategic lifetime [76], because the grid components have to be replaced 
earlier than initially planned. Therefore, to a certain extent, such ratings are not hard 
real-time constraints, but represent an additional cost, because the component has to 
be replaced sooner than initially planned. This cost should be taken into account, but 
does not require immediate action if the accelerated ageing remains limited. 
Grid losses also represent a cost to the power system, and this cost is typically 
recovered through the grid fees. This may create the need for grid infrastructure 
upgrades if this cost becomes excessively high. However, no immediate action is 
required when grid losses increase, as this does not directly influence the quality of 
service. Therefore, to some extent, load ratings and grid losses can both be considered 
as cost-increasing parameters, of which the cost has to be compared to the cost of a 
grid infrastructure upgrade, and to the increased grid operator revenues due to an 
increased amount of energy being delivered to end users. 
For example, the increased grid load due to PEV charging could increase grid losses 
and cause a periodical overloading of the MV/LV transformers [22]. As long as the 
increase in costs can be recovered through the increased amount of grid operator 
revenues, it might not be necessary to invest in grid infrastructure upgrades. A slight 
periodical overloading of certain grid components might be compensated for by a 
significant increase of the amount of delivered energy, thereby increasing the 
profitability of the infrastructure [78]. 
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2.5 Conclusions on PEV charging 
The distribution grid operation envelopes are taken into account by DSOs in their 
asset planning. Load flow analyses are conducted, with a significant margin to take 
into account the future load increases [70]. The assumptions and predictions of the 
local loads are often based on historical data. In this sense, distribution system 
planning is a feed-forward strategy without feedback on the operational level. It is 
important to emphasize that the grid constraints must be met, not exceeded [70], as 
this will only increase the cost of the power system due to increased infrastructure 
investments. 
As long as the grid operates within its constraints, the distribution system is operating 
in its normal state [79]. At normal operating state, the energy delivery should not be 
interrupted for grid supporting purposes, as this only leads to a decrease in the end-
user comfort. However, once the system state changes from normal to disturbed, 
actions must take place to avoid that the grid state goes from disturbed to critical, 
which could result in an interruption of power delivery [79]. This is considered as 
being very undesirable, because this interferes with the end-user power consumption. 
If these interruptions occur more often than is considered reasonable, extra grid 
investments are required [80].  
There is an increasing interest in using the flexibility of residential loads, triggered by 
the introduction of electronic control in household devices, such as white goods [81], 
and new residential loads with a significant flexibility potential, such as PEVs and 
residential heat pumps [82]. By using the flexibility of these devices when the grid is 
in the disturbed state, stabilizing actions can be performed, without affecting the end-
user comfort [83]. For example, residential PEV charging may be shifted away from 
the evening demand peak to the valley at night. Alternatively, instead of merely 
shifting the charging process in time, the charging power rating may be altered. For 
example, the PEV charging power rating could be reduced when undervoltage is 
encountered, as a way to reduce the voltage drop. 
The degree of charging flexibility depends on several parameters: mobility behavior, 
vehicle power consumption, charging locations, charging power rating, and PEV 
battery capacity. The assessment of the PEV charging flexibility is discussed in 
Chapter 3, followed by an overview of coordination strategies for PEV charging in 
Chapter 4. Both the active and reactive power flows can be altered during PEV 
charging, as a way to mitigate the grid impact. Active and reactive power control are 
discussed in Chapter 5 and 6, respectively. 
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3. Vehicle and fleet modeling 
In order to have an accurate assessment for the impact of PEVs in Flanders, data of 
the Flemish fleet have been used to model a representative Flemish vehicle fleet. 
Different vehicle categories have been taken into account, according to their 
distribution in Flanders, because this has a significant impact on the required energy 
and potential charging flexibility. 
The mobility behavior of a Flemish fleet is modeled in Section 3.1. The fleet 
segmentation is discussed in Section 3.2. The energy efficiency of the vehicles is 
modeled in Section 3.3. The resulting fleet power consumption, for different 
scenarios, is discussed in Section 3.4. The conclusions are summarized in Section 3.5. 
3.1 Mobility behavior 
The mobility behavior of a fleet of vehicles is modeled by the availability model, 
which is explained in detail in Appendix A. This model is mainly based upon the 3rd 
Flemish Mobility Study [84]. For each vehicle, it is known when it is driving, standing 
still, and also where it is standing still: at home, at the workplace, or at another 
location. The model can be run for any number of vehicles and days, on a one-minute 
time resolution. The contents of this section and Appendix B are discussed in detail 
in the Ph.D. dissertation: 
 J. Van Roy, “Electric vehicle charging integration in buildings,” Ph.D. 
dissertation, ESAT, KU Leuven, Leuven, Belgium, 2015. 
3.1.1 Mobility modeling 
The mobility model takes into account the difference between week and weekend 
days: 3.6 versus 2.85 trips per vehicle per day [84]-[85]. Furthermore, the difference 
in trip durations of each motive is taken into account, as some motifs have 
longer/shorter trip distances than the average trip. For instance, shopping trips are on 
average shorter than other trips. Seasonal variations are not taken into account, 
because for Flanders, no useful data is available on such variations. Intraweek 
variations, except for the difference between week days and weekend days, are not 
taken into account, as the differences are only small. 
Commute trips are treated separately from other trips, since the priority of the former 
is assumed to be the highest. The distribution of the fraction of people as a function 
of the distance to the workplace is taken into account. The distance to work is fixed 
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vehicle-by-vehicle. Similar to the distance to work and the work shift, the departure 
and return hour are fixed. This is an acceptable assumption, since about 82 % of the 
population has fixed working hours [84]. However, to introduce some variation 
between the different days, a uniform probability distribution function is used to 
determine the exact minute of departure and return within the one-hour period for each 
day. 
The commute trips are scheduled first, after which the characteristics of the other trips 
are defined. Only business trips may overlap with commute trips and the presence at 
work. The other trips are divided in two categories, one with a variable activity 
duration (business, education, and recreational trips) and one with a fixed activity 
duration (visits, shopping, and other trips). For the variable activity duration motifs, a 
distribution function for the departure and return times is used [84]. For the fixed 
duration motifs, only the distribution function for the departure times is used. 
3.1.2 Fleet mobility behavior 
To illustrate the resulting mobility behavior, Figure 3.1 shows the fraction of vehicles 
on the road for commute trips and other trips, for (a) weekdays, and (b) weekend days. 
Two fleets of 100 vehicles for a one-year period are shown: one where no vehicles are 
used for work (𝑤0), and one where all vehicles are used for work (𝑤100). They are 
shown separately, as both fleets have a significantly different mobility behavior. A 
fleet of 100 vehicles was created, because a sufficient level of aggregation is already 
obtained, while the computational efforts remain limited. As explained in 
Appendix A, 36 - 47 % of the Flemish vehicle fleet is used for work. Therefore, the 
mobility behavior model will create a fleet with the appropriate fraction of these two 
groups of vehicles. 
Figure 3.1 illustrates that on average more vehicles are on the road during the week 
compared to the weekend since there are on average more trips per day during the 
week. However, on average less than 10 % of the fleet is on the road simultaneously, 
which is in line with the results in [86]. There is a clear morning and evening peak 
during the week, due to commuting, since most of the people work in normal day 
shifts and part-time shifts. 
Figure 3.2 shows how many vehicles are at home, at work and at other locations, 
during (a) weekdays, and (b) weekend days. The other locations include the presence 
at another activity, and driving to the activity or to work and back. On average, a 
minimum of 15 % of the fleet is at home during a weekday and about 35 % in the 
weekend. The amount of vehicles at home is at its maximum during the night, with 
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more than 95 % parked at home. During the evening and night, only a few vehicles 
are parked at work. 
For these two groups, the average daily driven distance is 32.2 km (𝑤0) and 39.0 km 
(𝑤100), respectively. The cumulative distribution of the daily driven distances for the 
two groups of vehicles is illustrated in Figure 3.3. This shows that for both groups: 
 > 90 % of the daily driven distances is below 80 km; 
 > 95 % of the daily driven distances is below 110 km; 
 > 99 % of the daily driven distances is below 175 km. 
 
 
Figure 3.1: The average number of vehicles (as % of the fleet) on the road for work and 
other trips is higher during week days (a) than during weekend days (b). 
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Figure 3.2: Average fraction of the fleet at home, at work, or at another location 
during week days (a), and weekend days (b). 
 
 
Figure 3.3: Cumulative distribution of the daily driven distances. 
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For the majority of the daily mobility requirements, the electric driving range of the 
currently available PEVs is sufficient [84], even if there is only an opportunity to 
charge overnight at home. In order to cover all mobility requirements, a substantially 
larger driving range would be needed, which would only be rarely utilized. However, 
there are other possibilities to fulfill the mobility requirements during the occasional 
days with a higher driven distance: 
 using an on-board range extender if the vehicle is equipped with it; 
 using low to medium power charging infrastructure (≤ 20 kW) at other 
locations where the vehicle is standing still for a sufficiently long time; 
 using fast charging infrastructure (> 20 kW) for the occasional long distance 
trips that exceed the vehicle range. 
The resulting impact of the mobility behavior on the electricity system is determined 
by the energy efficiency and the composition of the vehicle fleet, which will be 
discussed in the following sections. 
3.2 Fleet segmentation 
On average, the annual vehicle kilometers traveled are about 15,000 km in Belgium, 
which has been stable for the last decade, as illustrated in Figure 3.4 [87]. However, 
there is a large difference in the annual driven distances between the vehicle segments 
in the current vehicle fleet. For instance in 2010, gasoline cars drive on average 
8,545 km per year, versus 19,340 km for diesel cars [85], [87]. In Belgium, the share 
of diesel vehicles is relatively high (60 %). The small fraction of liquefied petroleum 
gas (LPG, less than 1%) is neglected [85], [87]-[88]. 
To take into account the heterogeneity of mobility behavior, the modeled fleet is 
divided into segments, based upon the present vehicle characteristics. This does not 
necessarily mean that a future fleet will use the same fuels, but it is assumed that 
mobility behavior will remain the same. This assumption has been made here, because 
the scope of the proposed control mechanisms for PEV charging is the near-term 
future (less than 10 years), and it is assumed that mobility behavior will not change 
drastically in this time frame. 
36 VEHICLE AND FLEET MODELING 
 
 
Figure 3.4: Annual vehicle kilometers traveled in Belgium by Belgian vehicles. 
 
Table 3.1 gives the distribution of the vehicles according to the fuel type and engine 
displacement [88]. Small engine displacements are typically found in gasoline cars. 
Table 3.1 also shows the average yearly distance traveled by each vehicle, based upon 
the following data: 
 the average number of kilometers driven as a function of the vehicle age and 
fuel, for each year in the period 2002–2009 [87]; 
 the age of the vehicles in the fleet and the number of vehicles [87]. 
This results in a yearly average of about 15,000 km per vehicle in the fleet, which is 
consistent with [84], where a sample of 8,800 people resulted in an average 15,900 km 
per year, and [88], where 15,000 km per year was estimated. 
 






driven distance [km] 
Gasoline Diesel Gasoline Diesel 
<1.4 l 22.64 4.86 7,960 18,045 
1.4-2.0 l 14.36 44.40 9,095 19,565 
>2.0 l 3.00 10.74 10,335 18,955 
Total 40.00 60.00 8,545 19,340 
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Three vehicle categories are used to differentiate between compact, midsize and large 
vehicles. It is assumed that the three vehicle types coincide with the engine 
displacement categories, facilitating the link between the availability and efficiency 
model. For each vehicle category, two representative vehicles are taken, as illustrated 
in Figure 3.5: 
 subcompact: 1) Mitsubishi i-MiEV [89], and 2) Smart ED [90]; 
 midsize: 3) Nissan Leaf [26], and 4) Chevrolet Volt [39]; 
 large: 5) Toyota RAV4 EV [91], and 6) eRuf Cayenne [92]. 
 
 
Figure 3.5: The six modeled PEVs. 
 
The vehicle-specific characteristics (mass m, frontal surface S, and drag coefficient 
𝐶𝑥 ) of these vehicles are listed in Table 3.2, which are available from the 
manufacturer’s specification sheets. The other parameters, which are assumed equal 
for all vehicles, as will be discussed in Section 0. 
 
Table 3.2: Characteristics of the six modeled PEVs. 
Vehicle model Mass [kg] Frontal surface [m2] Cx [-] 
Subcompact 
Mitsubishi i-MiEV 1,100 2.37 0.33 
Smart ED 975 2.40 0.35 
Midsize 
Nissan Leaf 1,521 2.70 0.28 
Chevrolet Volt 1,800 2.55 0.28 
Large 
Toyota RAV4 EV 2,000 3.10 0.33 
eRUF Cayenne 2,670 3.30 0.36 
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3.3 Energy efficiency modeling 
The specific power consumption (kWh/km) of PEVs is an important parameter to 
calculate the evolution of the SOC of the PEV batteries. Here, this parameter is 
calculated for the three vehicle categories, for different driving cycles. The 
calculations are based on the battery model discussed in [93]. 
3.3.1  Calculations 
The power consumption is calculated with physical parameters of the vehicles as 
discussed in Section 3.2, and depends on the drive cycle (urban, rural, highway, or 
mixed). Because these parameters have a significant impact on the power 
consumption, they are to be defined accurately. The propulsion power 𝑃𝑘
𝑝 [𝑊] at each 
time step 𝑘 (one second) is calculated from the resulting forces on the vehicle: the air 
resistance 𝐹𝑘
𝑎, rolling resistance 𝐹𝑘
𝑟, inertia 𝐹𝑘
𝑖 , and slope resistance 𝐹𝑘
𝑠 [𝑁]: 
𝐹𝑘
𝑎 = (𝑆 ∙ 𝐶𝑥 ∙ 𝜌 ∙ 𝑣𝑘
2) 2⁄  ; (3.1) 
𝐹𝑘
𝑟 =  𝑚. 𝑔. 𝑓𝑟 . cos(𝛼) ; (3.2) 
𝐹𝑘
𝑖 = 𝑚. 𝑎𝑘  ; (3.3) 
𝐹𝑘






𝑠). 𝑣𝑘  ; (3.5) 
with: 
 𝑆 the frontale surface of the vehicle [𝑚2]; 
 𝐶𝑥 the coefficient of drag [-]; 
 𝜌 the volumetric density of the air [𝑘𝑔 𝑚3⁄ ]; 
 𝑣𝑘 the vehicle speed at time step 𝑘 [𝑚 𝑠⁄ ]; 
 𝑚 the vehicle mass [𝑘𝑔]; 
 𝑔 the gravity constant [9.81 𝑚 𝑠2⁄ ]; 
 𝑓𝑟 the rolling resistance coefficient [-]; 
 𝛼 the slope of the road [𝑟𝑎𝑑]; 
 𝑎𝑘 the acceleration of the vehicle at time step 𝑘 [𝑚 𝑠
2⁄ ]. 
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A positive value for 𝑃𝑘
𝑝
 means that power is consumed to propel the vehicle (𝑃out,𝑘
bat >
0). For negative values, the battery will be recharged (𝑃in,𝑘
bat > 0). A battery has a 
maximum charging rate (𝑃𝑐ℎ,max
bat ) and the fraction of recuperation of braking energy 
(𝑒rec) is limited, since a part of the braking occurs mechanically (see Section 0). The 
following efficiencies (see Section 0) are taken into account: charging (𝜂in)  and 
discharging (𝜂out) efficiencies of the power electronics, the battery charging (𝜂𝑐ℎ
bat) 
and discharging(𝜂𝑑
bat) efficiencies and the efficiency of the electric motor in motor 
(𝜂𝑚) and generator mode (𝜂𝑔). Using these parameters, the power flow from/to the 
battery can be calculated as follows:  
𝑃out,𝑘
bat = 𝑃𝑘
𝑝 𝜂𝑚⁄  ; (3.6) 
𝑃in,𝑘
bat =  𝑚𝑖𝑛 ((𝑒rec. |𝑃𝑘
𝑝|. 𝜂𝑔), 𝑃𝑐ℎ,max
bat ) . (3.7) 
In the next step, the energy flows during the time interval 𝛥𝑇 are calculated: the 
charging energy (𝐸𝑐ℎ,𝑘
bat ) , the discharging energy (𝐸𝑑,𝑘
bat) , and the net energy flow 
from/to the battery (∆𝐸𝑘
bat). The auxiliary power consumption (𝑃aux) is also taken 
into account: 
𝐸𝑑,𝑘
𝑏𝑎𝑡 =  𝛥𝑇. (𝑃out,𝑘
bat + 𝑃aux) 𝜂out⁄  ; (3.8) 
𝐸𝑐ℎ,𝑘
bat =  𝛥𝑇. 𝑃in,𝑘






bat⁄ ) . (3.10) 
The state of charge (𝑆𝑂𝐶𝑘) of the battery can be updated with ∆𝐸𝑘
bat, including the 
battery self-discharge losses (𝛿sd). Each vehicle has a certain rated battery capacity 
(𝐸rat
bat): 
𝑆𝑂𝐶𝑘 = 𝑆𝑂𝐶𝑘−1 − 𝛿
sd + (∆𝐸𝑘
bat 𝐸rat




bat  . (3.12) 
The power consumption of the total driving cycle, as will be discussed in 
Section 3.3.3, is denoted as ∆𝐸cycle
bat , which is the difference between the battery energy 
content at the beginning (𝐸start
bat ) and the end (𝐸end
bat) of the driving cycle. By dividing 
this power consumption by the cycle distance (𝑑cycle) and taking into account the 
charging efficiency, the specific power consumption (𝐸spec) is calculated. Also, the 
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electric range (𝑑range) of the vehicle can be calculated. This range depends on the 
energy efficiency of the vehicle and the effectively usable battery capacity (𝐸eff
bat): 
𝐸spec = ∆𝐸cycle
bat (𝑑cycle ∙ 𝜂in ∙ 𝜂𝑐ℎ
bat)⁄  ; (3.13) 
𝑑range = 𝑑cycle ∙ (𝐸eff
bat ∆𝐸cycle
bat⁄ ) . (3.14) 
A schematic overview of the power flows from and to the PEV battery is illustrated 
in Figure 3.6.  
 
 
Figure 3.6: Schematic overview of the power flow from and to the PEV battery. 
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The battery can be charged through the grid (𝑃𝑘
𝑐ℎ), or through regenerative braking 
when the PEV is decelerating (𝑃𝑘
𝑝 < 0). Not all power will flow into the battery, as 
losses occur due to 𝑒rec  (𝑃𝑘
𝑟𝑒𝑐), 𝜂𝑔  (𝑃𝑘
𝑔), 𝜂𝑖𝑛  (𝑃𝑘
𝑖𝑛), and 𝜂𝑐ℎ
bat  (𝑃𝑐ℎ,𝑘
𝑏𝑎𝑡 ). Besides the 
propulsion power (𝑃𝑘
𝑝 > 0), the battery also has to supply 𝑃aux. Furthermore, there 




𝑏𝑎𝑡), and 𝛿sd (𝑃𝑘
𝑠𝑑). 
3.3.2 General parameters 
As discussed in Section 3.2, three vehicle types are used to differentiate between 
subcompact, midsize, and large vehicles. The fixed parameters (Table 3.3) are 
discussed here. 
 
Table 3.3: General parameters for efficiency calculation. 
𝒇𝒓 𝒆
rec 𝜼in 𝜼out 𝜼𝒄𝒉
bat 𝜼𝒅
bat 𝜼𝒎 𝜼𝒈 𝑷aux 𝜶 
0.01 90 % 95 % 95 % 95 % 95 % 90 % 90 % 500 W 0 rad 
 
The rolling resistance of a vehicle depends on the rolling resistance coefficient factor 
𝑓𝑟 . This coefficient is not readily available in vehicle specification sheets, since it 
depends on the type of tire. In [94], measurement results on the rolling resistance 
coefficient (RRC) are presented and illustrated in Figure 3.7. Here, value of 0.01 is 
used for 𝑓𝑟, which is a typical value for modern tires with low rolling resistance. 
The kinetic energy recuperation factor 𝑒rec defines the amount of kinetic energy that 
can be recuperated during regenerative braking. This factor includes the fraction of 
mechanical braking, friction in bearings, etc. Efficiencies of the electric elements are 
not included, as they are treated separately. As no specific data on 𝑒rec is available, a 
value of 90 % is chosen. According to [95], the overall recovery rate is in the range 
of 50 - 60 %. With a value of 90 % for 𝑒rec, an average overall recovery rate is found 
in this range, due to the other losses as summarized in Table 3.3. 
The efficiencies of the power electronics (𝜂in and 𝜂out) and the batteries (𝜂𝑐ℎ
bat  and 
𝜂𝑑
bat) are based upon [93] and listed in Table 3.3. The efficiency of the electric motor 
is set to 90 % in both motor and generator mode (𝜂𝑚and 𝜂𝑔). Besides the propulsion 
power requirements, different auxiliary loads require electrical power (𝑃aux), which 
have a significant impact on the specific power consumption. These loads include 
lights, entertainment and navigation systems, air conditioning, etc. According to [96], 
𝑃aux amounts to 500 W for HEVs, which is also used here for PEVs. 
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Figure 3.7: Rolling resistance coefficient (RRC) for passenger vehicle tires [94]. 
 
3.3.3 Driving cycle 
A representative driving cycle is composed using the following American test cycles 
(Figure 3.8). These cycles are preferred instead of the artificial European cycles for 
emission testing, since they are based on real traffic behavior [97]: 
 the New York City Cycle (NYCC) represents traffic in a dense urban area 
with low average speed (11.42 km/h) and lots of stop and-go traffic; 
 the Federal Test Procedure (FTP) represents rural traffic with a significant 
share of high-speed driving (average speed of 34.11 km/h); 
 the Highway Fuel Economy Driving Schedule (HWFET) represents highway 
driving with no stops (average speed of 104.94 km/h). 
In the European Transient Cycle (ETC) , a weighted sum of the three drive cycles 
made in which the three cycles occupy the same amount of time (Figure 3.9) [98]. 
However, real measurements from Flanders can be used for more realistic Flemish 
driving behavior, where a lower fraction of highway driving occurs. The distribution 
of driven distances for each cycle type is as follows: 23.7 %, 39.8 %, and 36.5 %, for 
urban, rural, and highway traffic, respectively [99]. 




Figure 3.8: Urban (a), rural (b) and highway (c) driving cycle [97]. 
 
 
Figure 3.9: Setup of the European Transient Cycle [98]. 
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3.3.4 Results 
The power consumption of different vehicles and vehicle categories while driving is 
discussed in this section, using the general parameters (Table 3.3). Table 3.4 
summarizes the base results for the specific power consumption. The consumption for 
all vehicles, and the average for each of the three vehicle categories is given. The 
results are shown for each separate driving cycle and the weighted combination of 
these cycles (Section 3.3.3). 
 
Table 3.4: Specific power consumption for the six modeled PEVs. 
Drive cycle NYCC FTP HWFET ETC Flanders  
Vehicle 
model 





Smart ED 0.136 0.126 0.240 0.206 0.170 
Subcompact avg. 0.141 0.128 0.236 0.204 0.171 
Nissan Leaf 0.179 0.152 0.230 0.208 0.187 
Chevrolet Volt 0.203 0.173 0.252 0.230 0.209 
Midsize avg. 0.191 0.162 0.241 0.219 0.198 
Toyota RAV4 EV 0.222 0.203 0.330 0.293 0.254 
eRUF Cayenne 0.280 0.256 0.400 0.358 0.314 
Large avg. 0.251 0.229 0.365 0.326 0.284 
 
The results of the Flemish cycle composition is used in further simulations, since they 
are based on realistic behavior in Flanders. They result in 15 % less power 
consumption compared with the ETC-based composition. This is due to the lower 
amount of highway driving in the Flemish composition, which has a significantly 
higher specific power consumption for PEVs compared to the urban and rural drive 
cycles. Conversely, the lower share of highway driving would lead to a higher fuel 
consumption for conventional vehicles, as an ICE is the least efficient in low-speed 
stop-and-go traffic. The efficiencies for charging the battery are included in the 
results, to obtain the so-called AC power consumption. 
Significant differences can be observed between the different vehicle categories. 
Larger vehicles, with a higher mass and larger frontal surface, consume considerably 
more energy: the least efficient vehicle uses approximately 75 % more energy, when 
driving according to the Flemish behavior, compared to the most efficient one. 
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3.3.5 Sensitivity analysis 
The power consumption of PEVs is determined by different parameters 
(Section 3.3.1). A sensitivity analysis is performed for the general parameters for 
which an assumption has been made (Table 3.2). In the following subsections, the 
sensitivity of the specific power consumption to the mass 𝑚  of the vehicle, the 
auxiliary load 𝑃𝑎𝑢𝑥 , the slope of the road 𝛼, the rolling resistance coefficient 𝑓𝑟 and 
the amount of kinetic energy recuperation 𝑒𝑟𝑒𝑐, respectively, is discussed. 
 Mass of the vehicle 
The impact of the total vehicle mass 𝑚, including the load, on the specific power 
consumption is quasi linear and the relative impact is less for heavier vehicles (Table 
3.5). Without taking the losses (𝜂𝑚, 𝜂𝑔, 𝜂𝑐ℎ
bat, 𝜂𝑑
bat, 𝜂in, 𝜂out) into account, this impact 
is sub-linear, because the air resistance is not mass dependent. 
 
Table 3.5: Increase in specific power consumption for a change in vehicle mass. 
Mass increase [kg] -200 -100 +100 +200  
Vehicle 
category 
Subcompact -8.2 -4.1 +4.2 +8.5 
[%] Midsize -7.2 -3.6 +3.7 +7.4 
Large -5.0 -2.5 +2.5 +5.1 
 
 Auxiliary load 
The auxiliary loads 𝑃𝑎𝑢𝑥  are responsible for an increase in electric power 
consumption, depending on the drive cycle. The impact of the auxiliary loads are more 
significant for drive cycles with a lower average speed, since more energy is 
consumed for a given distance. The specific increase in power consumption is given 
in Table 3.6 for the different drive cycles. The values are given as an extra 
consumption per kilometer [kWh/km] for each kW of auxiliary loads. 
There is a linear increase with the amount of installed auxiliary loads. The increase of 
the power consumption for the NYCC (urban cycle) is considerably larger. Neglecting 
this consumption would thus lead to an unrealistically low total power consumption. 
As a result, the incorporation of the auxiliary loads reduces the differences in power 
consumption between the drive cycles. The increase is equal for each of the three 
vehicle categories, as there is no influence of the vehicle parameters on the resulting 
power consumption due to the auxiliary loads. 
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Table 3.6: Increase in specific power consumption per unit of auxiliary load. 
NYCC FTP HWFET ETC Flanders  
0.105 0.035 0.011 0.024 0.043 [ kWh km⁄ ] per [kW] 
 
 Slope of the road 
Realistic driving results in an average slope 𝛼 of 0°. The slope of the road is an 
important parameter, because the required power depends on the increase and 
decrease of gravitational potential energy. The impact on the power consumption is 
investigated by applying a fixed slope on a drive cycle, for both positive and negative 
values and averaging the two result. The results for different road slopes are given in 
Table 3.7. 
 
Table 3.7: Increase in specific power consumption for different road slopes. 
Road slope [°] ±1 ±2 ±3 ±4 ±5  
Vehicle 
category 
Subcompact 0.8 3.7 8.9 17.4 30.1 
[%] Midsize 1.5 6.9 17.8 33.8 54.0 
Large 1.4 6.2 15.0 28.5 47.2 
 
The results indicate a significant impact, which cannot be neglected when evaluating 
the power consumption. Because the extra power requirement for a slope is 
proportional to vehicle mass, the impact increases for heavier vehicles. However, the 
relative increase in power consumption is lower for large vehicles compared to 
midsize vehicles, as the heavier vehicles may have an advantage on the downhill 
sections. 
 Rolling resistance 
The sensitivity on the power consumption is assessed for 50 % and 200 % of the 
reference value of the rolling resistance 𝑓𝑟. The resulting impact, as summarized in 
Table 3.8, is higher for heavier vehicles, because of the linear relationship between 
the vehicle mass and the required power to overcome friction. The results show the 
impact of the effective rolling resistance, which depends on the tire conditions (tire 
pressure, tire wear, etc.), on the power consumption. 
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Table 3.8: Impact of the rolling resistance coefficient on the specific power consumption. 
𝒇𝒓 compared to  the reference value [%] 50 200  
Vehicle 
category 
Subcompact -10.8 +20.4 
[%] Midsize -13.6 +27.5 
Large -14.9 +29.7 
 
 Kinetic energy recuperation 
In the base case, there is 90 % kinetic energy recuperation 𝑒𝑟𝑒𝑐 during braking. In 
Table 3.9, the sensitivity of the specific power consumption is summarized for 𝑒𝑟𝑒𝑐 =
0, 50, 100 %. The results indicate a higher sensitivity for heavier vehicles, because 
more kinetic energy is lost. The increase in power consumption between 0 and 100 % 
recovery rate varies between 15 and 22 % for the different segments. 
 
Table 3.9: Impact of the kinetic energy recuperation on the specific power consumption, 
compared to the 90 % value in the reference scenario. 
𝒆𝒓𝒆𝒄 [%] 0 50 100  
Vehicle 
category 
Subcompact +13.4 +3.8 -1.3 
[%] Midsize +17.6 +5.3 -1.1 
Large +23.3 +8.4 -1.8 
 
 Conclusions on the sensitivity analysis 
The sensitivity analysis shows that there are many parameters that significantly 
influence the specific power consumption of the vehicles. However, these parameters 
also influence the power consumption of conventional vehicles. To include the 
influence of road grade, road surface (which influences the effective rolling 
resistance), etc., The United States Environmental Protection Agency (EPA) includes 
an increase of 15 % compared to the test results [100]. Therefore, the specific power 
consumption results of the base case of [101] are increased with 15 %, resulting in the 
following values: 
 201 Wh/km for subcompact vehicles; 
 233 Wh/km for midsize vehicles; 
 334 Wh/km for large vehicles. 
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As mentioned before, these values are so-called net AC values, which include the 
losses to recharge the PEV batteries again to their initial SOC. Therefore, when 
assessing the evolution of the SOC of the PEVs during driving, these numbers are 
corrected to 181, 210, and 301 Wh/km, respectively. The charging energy losses are 
taken into account during the recharging process. 
3.4 Fleet power consumption 
The mobility behavior and specific power consumption determine the power 
consumption behavior of the PEVs. The results of this section are based on the book 
chapter: 
 N. Leemput, J. Van Roy, F. Geth, J. Driesen, and S. De Breucker, Data 
Science and Simulation in Transportation Research, Hershey, PA: IGI 
Global, 2014, ch. 17: Grid and fleet impact mapping of EV charge 
opportunities, pp. 364-390. 
3.4.1 Daily power consumption 
The cumulative daily power consumption is illustrated in Figure 3.10, for two fleets 
of 100 PEVs (Section 3.1.2): one in which all vehicles are used for work trips (𝑤100), 
and one in which no vehicles are used for work trips (𝑤0). For the two groups, the 
average daily power consumption is 9.3 kWh and 7.4 kWh, respectively. The 
cumulative distribution in Figure 3.10 shows that, for both fleets: 
 > 90 % of the daily fleet power consumption is below 18 kWh; 
 > 95 % of the daily fleet power consumption is below 24 kWh; 
 > 99 % of the daily fleet power consumption is below 40 kWh. 
These results show that on average and for a majority of the days, the electric driving 
range of currently available PEVs is sufficient to cover the mobility needs. For the 
occasional days with a high power consumption, there are other possibilities 
(Section 3.1.2): using a range extender, making use of other charging opportunities 
besides at home, making use of fast charging infrastructure, or temporarily switch to 
another vehicle. 
 
VEHICLE AND FLEET MODELING 49 
 
 
Figure 3.10: Cumulative distribution of the daily power consumption. 
 
3.4.2 Grid impact parameters 
The impact of the PEV power consumption on the electricity system is influenced by 
several factors. First, there is the battery capacity of the PEVs, as this determines 
which fraction of the driven distances can be covered on electric energy, given that 
there are no constraints on charging. These charging constraints are due to the 
charging power rating, and the charging opportunities. Therefore, these three 
parameters are used to construct different scenarios, to assess their on the behavior of 
the vehicle fleet. 
 Battery capacity scenarios 
The PEVs are modeled as PHEVs here, to guarantee that all mobility requirements 
are met, even when the battery is depleted. They are assumed to be extended range 
EVs (EREVs), driving on battery power until depleted. Therefore, the combustion 
engine only runs when the battery is depleted. Three battery capacity scenarios are 
investigated, in which a rated battery capacity is assigned to each vehicle category: 
 Battery scenario 1 (𝑏1) represents PEVs with a small battery capacity: 5, 7.5, 
and 10 kWh for subcompact, midsize, and large vehicles, respectively. 
Current PEVs which suit this battery scenario are the Toyota Prius PHV 
(4.4 kWh) [29] and the Ford C-Max Energi (7.6 kWh) [102]. 
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 Battery scenario 2 (𝑏2) represents PEVs with a medium battery capacity: 10, 
15, and 20 kWh. Current PEVs which suit this battery scenario are the 2014 
Chevrolet Volt (16.5 kWh) [39] and the 2014 Cadillac ELR [103]. 
 Battery scenario 3 (𝑏3) is based on PEVs with a large battery capacity: 20, 30 
and 40 kWh. Such values can be found in BEVs such as the Kia Soul EV 
(27 kWh) [52] and the Toyota RAV4 EV (42 kWh) [91]. 
The specific power consumption of the different segments remains as established in 
the efficiency model. This implies that the impact of the battery weight on the power 
consumption is not taken into account. The calculations in Section 3.3 make use of 
parameters for vehicles with relatively large battery capacities. Therefore, a rather 
conservative approach is used here, as the weight reduction for smaller battery 
capacities is not assessed. Here, it is assumed that only 80 % of the rated battery 
capacity is used, resulting in a DOD of 80 %, to preserve the battery lifetime [41]. 
 Charging cases 
Four different charging cases are evaluated in this chapter, with an increasing charging 
opportunity in each subsequent case 𝑐: 
 only charging at home (𝑐1);  
 charging at home and at the workplace (𝑐2); 
 charging at home, at work and at 25 % of the other locations (𝑐3);  
 charging at home, at work and at 50 % of the other locations (𝑐4). 
For each of the four charge cases, charging is considered to occur without 
coordination. Thus, vehicles charge when they are grid connected, until the battery is 
completely recharged or until the next trip occurs. For standstill times shorter than 
15´, it is assumed charging does not take place, because it is considered that PEV users 
won’t do the effort to plug in the PEV for such a short time span.  
The driving pattern for 100 PEVs is simulated with the discussed availability and 
efficiency model, for the duration of one year on a one-minute resolution. 
Furthermore, their energy requirements are calculated, based upon the efficiency 
model and the distribution of the vehicle segments in the Flemish fleet. 
 Charging power rating 
Three charging power ratings are taken into consideration. First, Mode 2 charging 
with the typical European power rating of 2.1 kW is used (𝑝1). This corresponds to a 
single phase current rating of 10 A, which can safely be drawn from a power circuit 
with a 16 A circuit breaker rating (Section 2.3.4).  
VEHICLE AND FLEET MODELING 51 
 
Second, Mode 3 charging with a power rating of 3.3 kW is used (𝑝2), as this is a 
typical power rating for single-phase PEV charging infrastructure. A single-phase 
charging power rating of 3.3 kW results in a current rating of 16 A which can easily 
be integrated within a single-phase household electric installation of 40 A, which is a 
typical rating in Flanders. 
Third, Mode 3 charging with a power rating of 6.6 kW is used (𝑝3), which is the 
charging power rating of the on-board charger of several PEVs on the market, e.g., 
Nissan Leaf [26], Chevrolet Volt [39], and Kia Soul EV [52]. The medium power 
charging at 6.6 kW can either be realized with a single-current rating of 32 A, or a 
three-phase current rating of 11 A. 
3.4.3 Results 
 Power consumption and utility factor 
For the two fleets of vehicles, the average annual power consumption is 
2,708 kWh/vehicle (𝑤0 ) and 3,380 kWh/vehicle (𝑤100 ), respectively. This power 
consumption is insensitive to the scenario, as the mobility behavior remains the same. 
This energy can be delivered through the PEV battery, or through the on-board range 
extender. The fraction of this energy being delivered by the PEV battery is defined as 
the utility function 𝐹U. As a consequence, 𝐹U also equals the ratio of the electrically 
driven distances to the total driven distances [7]. 𝐹U  gives an indication to which 
extent the mobility requirements can be covered on electric power. The results for the 
different scenarios are summarized in Table 3.10. For 𝑐2 and 𝑤0, no results are given, 
as this scenario is identical as for 𝑐1 and 𝑤0. 
𝐹U depends strongly on the amount of charging opportunities. For 𝑏1, 𝐹U increases 
from 65 to 82 % for 𝑝1, when the amount of charging opportunities increases. For 𝑐4, 
the impact of increasing the charging power and the battery capacity on 𝐹U is limited, 
as the high amount of charging opportunities already allows to fulfill a high fraction 
of the mobility requirements, even with small batteries and low charging power 
ratings. For 𝑏2, 𝐹U ranges between 84 and 94 % for 𝑐1, which is up to 20 percentage 
points higher compared to 𝑏1. The differences decrease significantly for the higher 
amount of charging opportunities, as the battery capacity remains the limiting factor. 
For 𝑏3, the 𝐹U is already 96 % for 𝑐1, and therefore, the impact of the increase in 
charging power and charging opportunities on 𝐹U remains low. 
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Table 3.10: Utility factor 𝐹U. 
Scenario 
𝒘0  𝒘100  
𝒃1 𝒃2 𝒃3  𝒃1 𝒃2 𝒃3  
𝒄1 
𝒑1 67 87 97  64 84 96 
[%] 
𝒑2 68 87 97  65 85 96 
𝒑3 69 87 97  66 86 97 
𝒄2 
𝒑1 / / /  70 87 97 
𝒑2 / / /  71 88 97 
𝒑3 / / /  71 88 97 
𝒄3 
𝒑1 74 90 98  75 90 97 
𝒑2 75 90 98  76 90 98 
𝒑3 76 91 98  77 91 98 
𝒄4 
𝒑1 80 92 98  79 92 98 
𝒑2 81 93 98  80 92 98 
𝒑3 82 94 99  82 93 98 
 
For 𝑐{1,2}, the sensitivity of 𝐹U to the charging power rating is insignificant, due to the 
relatively long standstill times of the vehicles at home and at work. For a low charging 
power rating, the charging is more spread out in time when the vehicle is standing still 
at these locations. Thus, the PEV user can decide whether or not the benefits (lower 
charging times) of charging infrastructure with a higher power rating outweigh the 
costs. A standard domestic socket is suited for 𝑝1, whereas a dedicated power circuit 
is required for 𝑝{2,3} . Furthermore, the household grid connection (typically 40 A 
single-phase) might need to be upgraded for 𝑝3, due to the high current rating required 
for supplying 6.6 kW (32 A). 
The share of charging at each location type is summarized in Table 3.11, and the 
average annual power consumption per vehicle at each location type is summarized 
in Table 3.12. The share of charging at home, and the resulting residential power 
consumption, reduces with an increasing amount of charging opportunities. 
Therefore, the residential grid impact will also be reduced when the amount of 
charging opportunities increases. 
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Table 3.11: Share of the charging energy. 
Fleet 𝒘0  𝒘100  
Location Home Other  Home Work Other  
𝒄1 100 /  100 / / 
[%] 
𝒄2 / /  82-85 15-18 / 
𝒄3 72-81 19-28  64-71 14-17 13-20 
𝒄4 54-65 35-46  50-60 14-15 25-35 
 
Table 3.12: Average annual power consumption per vehicle. 
Fleet 𝒘0  𝒘100  
Location Home Other  Home Work Other  
𝒄1 1 706-2 632 /  1 943-3 212 / / 
[kWh] 
𝒄2 / /  1 778-2 774 399-536 / 
𝒄3 1 410-2 139 467-648  1 554-2 316 392-512 398-573 
𝒄4 1 115-1 734 865-1 144  1 315-1 975 385-491 761-1 054 
 
The share of charging at the workplace, and the resulting amount of charging energy, 
remains limited to below 20 %. It is only limitedly influenced by the battery size, 
charging power rating, and the presence of charging opportunities at other places than 
home (𝑐{3,4}). Therefore, low-power charging infrastructure (Mode 2 at 2.1 kW) might 
be sufficient to fulfill the workplace charging requirements. This is due to the limited 
distance between home and the workplace, and the long standstill times there.  
Charging at locations other than home and the workplace (𝑐{3,4} ) accounts for a 
significant share of the charging energy, also for larger battery capacities (𝑏3), which 
already have a high 𝐹U  without these charging opportunities. Then, there is a 
substitution of charging at home to charging at these locations, thereby reducing the 
residential grid impact of PEV charging. 
As an indication on the utilization of the battery capacity in the fleet, the yearly electric 
power consumption of the fleet is divided by the effective battery capacity of the entire 
fleet, and by the number of days in a year. A battery utilization factor 𝐹𝐵 of 100 % 
would mean that the effective battery capacity of the fleet is being used 365 times 
during the year (on average once a day). A higher 𝐹𝐵 is beneficial for the user as this 
corresponds to a higher return on investment on the battery. The 𝐹𝐵  values are 
summarized in Table 3.13.  
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Table 3.13: Battery utilization factor 𝐹𝐵 for the different scenarios. 
Scenario 
𝒘0  𝒘100  
𝒃1 𝒃2 𝒃3  𝒃1 𝒃2 𝒃3  
𝒄1 
𝒑1 87 58 34  99 68 40 
[%] 
𝒑2 88 58 34  100 69 40 
𝒑3 89 59 34  103 70 41 
𝒄2 
𝒑1 / / /  111 72 41 
𝒑2 / / /  112 73 41 
𝒑3 / / /  114 73 41 
𝒄3 
𝒑1 97 61 34  119 74 41 
𝒑2 99 61 34  122 75 41 
𝒑3 100 62 34  124 76 42 
𝒄4 
𝒑1 105 63 34  127 76 42 
𝒑2 108 63 34  130 77 42 
𝒑3 109 64 34  133 78 42 
 
Significant differences are visible for the different battery scenarios. The highest 𝐹𝐵 
occurs for 𝑏1, and increases with an increasing amount of charging opportunities, 
exceeding 100 % in many of the scenarios. For 𝑏1 , the average effective battery 
capacity is lower than the average daily power consumption, therefore it limits 𝐹𝑈. 
Thus, when there are sufficient charging opportunities, the battery capacity is 
intensively being used. For 𝑏1, the charging power rating has a limited impact on 𝐹𝐵, 
as the limited battery capacity results in a low charging time, even at a low power 
rating. 
For 𝑏{2,3} , the battery capacity is significantly exceeds the average daily power 
consumption. Because 𝐹𝑈 is already high for 𝑐1, an increase in charging opportunities 
has no significant impact. Consequently, 𝐹𝐵 does not increase significantly with an 
increasing amount of charging opportunities, it just reduces the share of residential 
charging energy as it increases the share of charging energy at the other locations. 
 PEV charging power profile 
The charging behavior for fleet 𝑤100 is illustrated in Figure 3.11, for battery scenario 
𝑏2, for 𝑐{2,4}. The yearly average charging profile is shown for one weekday. For 𝑐2, 
the residential charging power profile is much more impacted by the charging power 
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rating than for 𝑐4. This is due to the mobility behavior, as most trips to locations other 
than the workplace mostly occur after work, before going home. On the other hand, 
there are almost no trips to other locations before going to work, for the vehicles that 
effectively are used for work trips on that day. Therefore, the workplace charging 
profile is almost identical for both charging cases, as most vehicle drive straight to 
work in the morning. 
 
 
Figure 3.11: Charging power profiles for 𝑐{2,4}, for battery capacity scenario 𝑏2. 
 
The workplace charging profile shows a steep increase in the morning, with a peak 
around 09:00 and a fast decrease. This is due to the average limited distance from 
home to work, resulting in a relatively short charging time. The charging profile for 
the other locations shows a peak in the evening, prior to the residential charging peak, 
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when the vehicles visit other locations after work, before going home. During the 
course of the day, there is a gradual increase in the charging power at the other 
locations. This is due to vehicles that are not used for work trips on the specific day, 
so these vehicles can visit the other locations during the day, when the others are at 
the workplace. 
The charging power peak at the different charging locations is summarized in Table 
3.14, for all scenarios. These results confirm that the opportunity to charge at other 
locations than at home and at the workplace significantly reduces the residential 
charging power peak at home, for all scenarios, while it has no significant influence 
on the charging profile at the workplace. The impact of residential PEV charging on 
the residential power profile of 100 households is illustrated in Figure 3.12, for fleet 
𝑤100 and for 𝑏2. The yearly average charging profile is shown for one weekday, as in 
Figure 3.11. 
 
Table 3.14: Charging power peak at the different charging locations. 
Scenario 
𝒘0 
Peak at home/other 
[kW] 
 𝒘100 
Peak at home/work/other 
[kW] 
𝒃1 𝒃2 𝒃3  𝒃1 𝒃2 𝒃3 
𝒄1 
𝒑1 125/- 132/- 132/-  124/-/- 137/-/- 137/-/- 
𝒑2 178/- 188/- 188/-  145/-/- 187/-/- 191/-/- 
𝒑3 211/- 304/- 310/-  191/-/- 238/-/- 257/-/- 
𝒄2 
𝒑1 / / /  120/60/- 130/60/- 130/60/- 
𝒑2 / / /  139/76/- 162/76/- 165/76/- 
𝒑3 / / /  191/112/- 224/112/- 238/112/- 
𝒄3 
𝒑1 110/33 118/33 119/33  109/60/44 122/60/44 122/60/44 
𝒑2 158/46 172/46 162/46  129/73/53 146/76/50 145/76/49 
𝒑3 172/66 211/73 211/73  178/112/73 191/112/92 205/112/92 
𝒄4 
𝒑1 108/46 114/50 114/50  93/60/60 99/60/62 101/60/62 
𝒑2 129/63 139/66 132/69  115/76/79 129/76/79 131/76/79 
𝒑3 165/85 211/92 211/92  149/112/99 172/112/106 185/112/106 
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Figure 3.12: Power profile for 100 households and 1 PEV per household, for a vehicle fleet 
that is used for work trips (100 %) and for the medium battery capacity scenario. 
 
For all scenarios, the residential power peak is summarized in Table 3.15. The 
residential charging profile without vehicles ( 𝑝0 ) is the sum of 100 synthetic 
household load profiles that are representative for the Flemish region, which has a 
peak value of 849 W per household in 2012 [105]. The results show how the 
residential charging profile is heavily impacted by residential PEV charging, and the 
magnitude depends significantly on the charging case and the charging power rating. 
The presence of more charging opportunities reduces the impact on the residential 
power profile, and it reduces the impact of a higher charging power rating. Thus, the 
residential grid impact of an increasing amount of PEVs can be mitigated by 
increasing the amount of charging opportunities, and by incentivizing users to charge 
at a lower charging power rating. 
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Table 3.15: Residential power peak for the different scenarios. 
Scenario 
𝒘0  𝒘100  
𝒃1 𝒃2 𝒃3  𝒃1 𝒃2 𝒃3  
𝒄1 
𝒑1 179 184 184  179 192 192 
[kW] 
𝒑2 234 244 244  197 242 247 
𝒑3 287 361 368  247 293 313 
𝒄2 
𝒑1 / / /  175 186 186 
𝒑2 / / /  193 217 220 
𝒑3 / / /  247 280 293 
𝒄3 
𝒑1 166 174 175  166 177 177 
𝒑2 216 227 219  179 202 200 
𝒑3 224 269 269  233 247 260 
𝒄4 
𝒑1 164 170 170  146 155 155 
𝒑2 186 196 189  170 184 178 
𝒑3 222 269 269  194 212 225 
 
 Grid services 
The PEV fleet is investigated and expressed in terms of the grid connection 
availability, the energy stored in the PEV batteries, and the energy required to fully 
charge the PEV batteries. These parameters provide information to assess the 
interaction with the power system, in terms of energy requirements and charging 
flexibility. This indicates the potential for a fleet of PEVs to deliver ancillary services 
to the power system, such as peak power delivery, load shifting, or even spinning 
reserves [14]. Ancillary services will gain importance in the envisioned future power 
system, which contains a significant amount of intermittent renewable energy 
sources [106]. 
The grid connection availability 𝑎gc, as summarized in Table 3.16, is defined as the 
fraction of the fleet that is grid connected for all but 1 hour of the year (99.99 % of 
time). Vehicles are grid connected when they are standing still at a location with a 
charging opportunity for more than 15´. These results show how 𝑎gc  increases 
significantly for an increasing amount of charging opportunities. This is due to the 
fact that vehicles are standing still for the majority of the day, and even during rush 
hour there is still a large fraction of vehicles standing still. 
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Table 3.16: Grid connection availability 𝑎gc for 99.99 % of time. 
Scenario 𝒄1 𝒄2 𝒄3 𝒄4  
𝒘0 13 13 29 47 
[%] 
𝒘100 6 18 32 49 
 
The lowest value of 𝑎gc occurs for 𝑐1, and it is lower for 𝑤100 than for 𝑤0, as the latter 
fleet is more of its time standing still at home. However for 𝑐2, 𝑎gc is higher for 𝑤100 
than for 𝑤0, as the latter fleet is standing still at the workplace for a lot of time. For 
more charging opportunities, 𝑎gc increases further, because of the high standstill time 
of vehicles in general. 
The minimum amount of discharging energy per vehicle that is available for 99.99 % 
of time (𝑎dc) is summarized in Table 3.17, for both fleets. This parameter indicates 
how much energy could be discharged to the grid by the vehicles, for all but 1 hour of 
the year, if the vehicles would be equipped with a bidirectional charger. No change in 
the mobility behavior compared to conventional vehicles is assumed here, as it is 
unclear to which extent the mobility behavior will change. 
 
Table 3.17: Discharging energy availability 𝑎dc. 
Scenario 
𝒘0  𝒘100  
𝒃1 𝒃2 𝒃3  𝒃1 𝒃2 𝒃3  
𝒄1 
𝒑1 60 121 260  30 60 120 
[kWh] 
𝒑2 63 125 263  30 60 120 
𝒑3 66 131 271  31 61 123 
𝒄2 
𝒑1 / / /  76 168 352 
𝒑2 / / /  82 175 359 
𝒑3 / / /  90 182 370 
𝒄3 
𝒑1 123 242 559  132 250 609 
𝒑2 135 273 564  152 283 689 
𝒑3 144 285 580  166 290 708 
𝒄4 
𝒑1 207 423 877  202 383 911 
𝒑2 222 432 910  210 457 976 
𝒑3 232 448 924  225 481 996 
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Logically, higher battery capacities significantly increase 𝑎dc, as the average SOC of 
the batteries increases. An increasing charging power ratings only increases 𝑎dc to a 
limited extent, as the average charging time is already relatively limited for low power 
ratings. The increase in charging opportunities also significantly increases 𝑎dc , 
because it increases the average SOC, as well as it increases the time being grid-
connected. For 𝑤100, the presence of workplace charging (𝑐2) increases 𝑒𝑔𝑐  with more 
than 150 %, compared to 𝑐1. This increase is higher than what can be achieved by 
doubling the battery capacity for 𝑐1 and 𝑤100, as can be seen by comparing 𝑎dc for 
𝑏1, 𝑏2, and 𝑏3. This illustrates the importance of workplace charging infrastructure 
for vehicle to grid (V2G) services. 
The amount of available discharging energy in fully charged vehicles for 99.99 % of 
time 𝑎fc
dc is summarized in Table 3.18. These results give an indication on the amount 
of fully charged vehicles being grid connected at each moment, except for one hour 
per year. This fraction of the fleet is unable to participate in down-regulation, i.e. these 
vehicles can’t charge any further to consume excess energy available in the grid. 
Obviously, these values are lower than the ones in Table 3.17. The major difference 
with 𝑎dc is the more significant influence of the charging power rating, as an increased 
power rating reduces the time to fully recharge the batteries, which decreases the 
number of vehicles being available for down-regulation. 
The charging energy availability of the fleet for 99.99 % of time 𝑎ch turns out to be 
near zero for all cases. This is caused by the long duration of the grid connection 
availability when almost all vehicles are charging at home, and some at work, at the 
end of the night and all batteries are simultaneously fully charged. As all batteries are 
fully charged, the fleet is unable to accept any additional charge energy for up-
regulation. Table 3.19 and gives the minimum available charge energy which is 
present for 75 % 𝑎75
ch  of time. The results are only shown for 𝑝1, as 𝑎75
ch  is practically 
zero for higher charging power ratings. 
The results show that the available charging energy is negligible in comparison with 
the available discharging energy. This implies that, for the uncoordinated charging 
strategy being used here, a fleet of PEVs with bidirectional chargers can be relied 
upon to provide up-regulation by injecting the energy stored in the onboard batteries, 
but not to provide down-regulation by charging the batteries, as the probability that 
the fleet is already fully charged is high. 
  
VEHICLE AND FLEET MODELING 61 
 
Table 3.18: Discharging energy availability of fully charged vehicles 𝑎fc
dc. 
Scenario 
𝒘0  𝒘100  
𝒃1 𝒃2 𝒃3  𝒃1 𝒃2 𝒃3  
𝒄1 
𝒑1 36 68 136  20 40 64 
[kWh] 
𝒑2 48 88 176  22 44 88 
𝒑3 58 112 224  26 52 104 
𝒄2 
𝒑1 / / /  46 84 168 
𝒑2 / / /  60 120 240 
𝒑3 / / /  74 148 288 
𝒄3 
𝒑1 78 132 296  84 152 304 
𝒑2 96 192 408  102 196 432 
𝒑3 124 232 488  136 240 552 
𝒄4 
𝒑1 142 276 512  118 212 440 
𝒑2 176 316 664  156 300 608 
𝒑3 206 380 784  190 392 778 
 
Table 3.19: Charging energy availability for 75 % of time 𝑎75
ch . 
Scenario 
𝒘𝟎  𝒘100  
𝒃1 𝒃2 𝒃3  𝒃1 𝒃2 𝒃3  
𝒑1 
𝒄1 1 6 18  2 9 26 
[kWh] 
𝒄2 / / /  6 17 35 
𝒄3 3 9 23  8 20 41 
𝒄4 4 11 25  9 22 42 
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3.5 Conclusions 
In order to implement PEV charging infrastructure in an efficient manner, the 
requirements of the PEV fleet need to be assessed. Therefore, the modeling of 
representative Flemish mobility behavior is discussed in this chapter. Furthermore, 
the specific power consumption of a representative Flemish vehicle fleet has been 
modeled, to calculate the power consumption requirements that result from the 
mobility behavior and the fleet composition. The effective grid impact depends on 
several impact parameters (battery capacity, charging power, and charging 
opportunities), which are explored through several scenarios. The resulting grid 
impact and the potential opportunities for grid supporting services have been assessed, 
for maximum comfort charging (no coordination). 
The results indicate that Mode 2 charging, with a power rating as low as 2.1 kW, is 
able to supply energy to meet a significant amount of the mobility requirements. More 
than two thirds of the distances can be driven electrically when Mode 2 charging is 
possible at home and at the workplace, even if the PEVs are equipped with a relatively 
small battery capacity. This fraction increases to more than 85 % for larger battery 
capacities. An increase in charging opportunities at other locations, other than at home 
and at the workplace, will further increase this fraction. For home and workplace 
charging, low power charging infrastructure appears to provide sufficient energy to 
fulfill typical mobility requirements. Furthermore, as the initial rollout of PEVs will 
rely on uncoordinated charging, the grid impact of charging at 2.1 kW on the 
residential grid is much smaller, compared to higher power ratings. 
Charging infrastructure that is capable of providing a variable power rating might be 
a solution to combine the advantages of both low power ratings (low grid impact), and 
high power ratings (short charging duration), by selecting the lowest power rating 
required to still get the PEV fully charged for the next trip. Such charging 
infrastructure is already commercially available [60], but an effective incentive is 
needed for users to use a charging power rating that is lower than the highest it can 
deliver. 
The results support the increasingly popular assumption that a carefully chosen set of 
small battery capacities already allow to obtain a high 𝐹𝑈 , thereby already using 
battery energy for more than half of the driven distances, instead of using the 
combustion engine. With battery capacities ranging between 5 and 10 kWh, 𝐹𝑈 
values between 64 % and 82 % can be achieved. A decisive factor in obtaining those 
high 𝐹𝑈 values is the availability of charge opportunities. Charging at home and at 
work will result in 𝐹𝑈  up to 70 %, but to obtain an extra 10 pp in 𝐹𝑈 , charging 
opportunities at other locations are required.  
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With larger battery capacities, 𝐹𝑈 values are high even when charging occurs only at 
home and at the workplace. More charging opportunities do increase 𝐹𝑈 values, but 
they mainly shift a part of the charging process away from home and the workplace 
to these other locations. An increase in the charging power rating has only a small 
impact, as the higher battery capacity provides a larger buffer for situations where the 
charging time is too short to fully recharge the battery for the next trip. Thus, 
conversely to common wisdom, larger battery capacities tend to decrease the need for 
high power charging infrastructure. The above mentioned conclusions also hold when 
the charging is modeled with a higher resolution and when PEVs would also charge 
during standstill times shorter than 15 min, as this results in an increased amount of 
charging opportunities. 
The available energy for up-regulation for the modeled fleet strongly depends on the 
battery capacity and the amount of grid-connection opportunities. An increasing 
amount of charging opportunities is beneficial for the grid as both the grid-supporting 
potential increases, and the residential grid impact decreases. Unfortunately, the 
minimum grid to vehicle (G2V) services of the fleet for down-regulation can be 
almost non-existent as the batteries are fully charged near the end of the night, when 
uncoordinated charging is applied. This prevents the vehicles from storing any excess 
energy available in the grid. Therefore, in order to provide grid supporting services 
with PEVs in an effective manner, some form of controlled or coordinated charging 
needs to be implemented. 
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4. Coordinated charging 
A structured literature overview of coordinated charging strategies for PEVs is 
discussed in this chapter. The coordination objective, scale and method of each 
coordination strategy are the three degrees of freedom used to characterize and 
compare different approaches. The correlation between the three parameters and the 
research category are investigated, resulting in a correlation mapping of the different 
approaches. The contents of this section are based upon the conference paper: 
 N. Leemput, J. Van Roy, F. Geth, P. Tant, B. Claessens, and J. Driesen, 
“Comparative analysis of coordination strategies for electric vehicles,” in 
IEEE PES ISGT Europe, 2011, pp. 1-8. 
More recent literature has been added to the literature study in the conference paper. 
The chapter is structured as follows. The background and history of coordinated 
charging is discussed in Section 4.1. The relevant layers of control for coordination 
are defined in Section 4.2. The coordination objectives are discussed in Section 4.3, 
followed by the coordination methods in Section 4.4, and the scale of coordination in 
Section 4.5. The correlation mapping is summarized in Section 4.6. The conclusions 
are discussed in Section 4.7. 
4.1 Background 
As the number of PEVs grows, they are likely to have an increasing impact on the 
electricity system. A lot of research has already been done on this topic, which can be 
categorized according to the research focus.  
Research on PEV charging was pioneered with impact and scenario analysis studies 
[7]-[8], [12], [107]-[108]. Impact analysis studies investigate the impact of PEVs, 
taking into account all stakeholders and evaluating the impact on welfare [109]-[110]. 
Parameters such as air quality, public health, external costs etc. are taken into account. 
Scenario analysis studies focus on the impact of the PEVs on the electricity system, 
based on the charging behavior, e.g., charging locations, charging timing, and 
charging power rating. The results of these studies indicate the possible power and 
energy demand related to PEV charging (Section 4.1.1). Although research on these 
topics already exists for several decades, it is still an active field of research, taking 
into account new developments and knowledge on PEVs and power systems [111]-
[136]. 
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As there is a certain flexibility for PEV charging, due to their long vehicle standstill 
time and the relatively low distances driven, an additional objective besides mobility 
can be included in the PEV charging process. In benchmarking studies (Section 4.1.2), 
the potential of coordinated charging to obtain these objectives, is calculated [24], 
[130]-[132], [137]-[155]. Grid planning studies use these results to estimate the 
expected electrical load of PEVs (Section 4.1.2), which can be taken into account 
when considering investments in grid infrastructure [133]-[175]. 
The next step is the practical implementation of coordination systems [57], [24]-[23], 
[154]-[155], [175]-[220]. They can be assessed in their effectivity, i.e., to which extent 
they can achieve the results of the benchmarking studies. Practical considerations of 
the implementation are taken into account here: required components, robustness, 
execution time, etc. (Section 4.1.3). 
4.1.1 Impact and scenario analysis 
Most impact analysis studies conclude that there is an opportunity for PEVs to reduce 
CO2-emissions and to improve air quality due to a reduction of transport-related 
emissions [1]. Because emissions are shifted from the tailpipe to the power plants, the 
amount of reduction is strongly dependent on the composition of plants for electric 
power generation (gas, coal, nuclear, solar, wind, etc.) [7], [107]. 
A common finding of the scenario analysis studies is the rise in household peak power 
demand when no charging coordination is applied. This increase can be understood 
through the correlation of the arrival time of vehicles at home in the evening with the 
evening peak of the residential power consumption. Even though the energy demand 
has a relatively limited impact at the scale of the entire electric energy system, the 
local impact at the distribution and low-voltage level can be significant [116]. For 
instance for Belgium, a PEV having an efficiency of 200 Wh/km and an annually 
driven distance of 15 000 km (Section 3.2), the annual electricity consumption 
(3,000 kWh) is of the same magnitude as the average annual residential electricity 
consumption per household (3,500 kWh) [105]. 
4.1.2 Grid planning and benchmarking 
Benchmarking studies gives an indication of the maximum potential of coordinated 
charging, the optimal solution, assuming perfect knowledge of vehicle behavior when 
solving for the optimization objective [137]-[149]. 
Different objectives are investigated: minimizing power losses, voltage deviations, 
unbalance, charging cost, etc. These studies typically do not propose practical 
coordination systems, but rather calculate what would be optimal solution. The 
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opportunities for bidirectional energy flows between the PEV and the grid, known as 
Vehicle-to-Grid (V2G), are also being investigated in literature [221]-[228]. 
The combination of the results from the scenario analysis, which give a worst-case 
scenario, and the optimal solution from benchmarking, gives an indication of the 
expected power and energy demand of PEVs. Grid operators can use this information 
to evaluate and plan future investments [150]-[168]. 
4.1.3 Coordination systems 
Combining the results of the discussed categories, allows for designing practical 
coordinated PEV charging systems [176]-[189]. A coordination system is assumed to 
be effective if it approaches the benchmark linked to the coordination objective. The 
translation into an online algorithm has to take into account behavior of the individual 
vehicles and their mobility needs, instead of considering a group of vehicles at an 
aggregated level. 
In the following sections, three parameters for coordinated charging are discussed: the 
objective, method and scale of the coordination strategy. The correlation between 
these parameters is investigated. The layers of control will be discussed in Section 4.2. 
The correlation between the three parameters and the research categories will be 
discussed in Section 4.6. 
4.2 Layers 
Extensive experience was attained in operating the electricity system in a stable and 
robust manner, because the system must remain intact and it must be able to withstand 
a variety of disturbances. Therefore, it is designed and operated so that the more 
probable contingencies can be sustained with no overall loss of load, and so that the 
most adverse possible contingencies do not result in uncontrolled, widespread and 
cascading power interruptions [79]. The philosophy that has evolved to cope with the 
diverse requirements of system control comprises a hierarchical structure [79]. 
As PEV charging interacts with the electricity system, the control mechanisms should 
be compatible with each other. Therefore, the hierarchical structure with different 
control layers also applies to PEV charging. Three principles govern the control 
system as a whole: 
 higher levels operate on longer time scales; 
 the levels interact with each other;  
 lower layer control actions have priority to higher layer control actions. 
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Seven control layers are identified here for PEV charging, as illustrated in Figure 4.1. 
Control action examples at each of these layer are summarized in Table 4.1, for both 
conventional power system actions and for PEV charging actions. There are three 
control layers on the planning level (Section 4.2.1), which is linked to the operational 
level that contains three control layers (Section 4.2.3), through the implementation 
layer (Section 4.2.2). 
 
 
Figure 4.1: Control layers for PEV charging. 
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Table 4.1: Control layer examples for the power system and for PEV charging. 
Layer Time scale 
Example of control action 
Power system PEV charging 
Society Decades Climate agreements 





































4.2.1 Planning layers 
 Society 
The society layer is the highest and most abstract one, as it considers objectives for 
the entire society. This layer obviously contains exactly the same elements for PEV 
charging as for the rest of the power system, as this layer is about the entire society. 
The maximization of general welfare can be considered as the final target for each 
new technology, combination of new technologies, application, etc. Decisions at 
society layer will serve as boundary conditions for each of the systems within society, 
including the power system. As a result, this control layer will influence the evolution 
of society's systems. Control actions in this layer are taken on a time scale of 
years/decades. 
However, it is impossible to unambiguously define or measure total welfare. 
Therefore, different methods are used as an attempt to define welfare. Examples of 
such approaches are found in economic analysis theory (e.g., total welfare 
definition) [229] and the Human Development Index [230]. Policy making and 
governance are situated at this control layer, where choices are made that have an 
impact on the society. Examples of such policy decisions are the European Union 
climate and energy pack [231] and the Kyoto protocol [232]. 
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 System 
The system layer includes all stakeholders involved in the PEV system. The targets 
that are set at the society layer, are translated into boundary conditions for this system. 
These boundary conditions are used to perform cost-benefit analyses and impact 
assessment studies, to evaluate the most efficient way to obtain society's targets 
through the PEV system. 
Because the PEV charging infrastructure is a part of the power system, some of the 
stakeholders are mutual. Power system models such as PRIMES [233] and 
MARKAL [234] are used on the system layer, they can make predictions on the 
evolution of the energy system (supply, demand, emissions, etc.), given a certain 
energy policy. Institutions such as the International Energy Agency [235] and the 
Electric Power and Research Institute Energy Technology Assessment Center [236] 
operate on this layer. They conduct research and provide advice and support on energy 
policy.  
The power system-related models and institutions will need to incorporate the power 
system impact of PEV charging infrastructure. Furthermore, mobility-related 
stakeholders are also at this level for the PEV system, because of the mobility 
objective function of a PEV. This mix of power system-related and transportation-
related stakeholders is one of the major differences between the power system and the 
PEV charging system. A significant amount of research is carried out on the potential 
benefits of electric vehicle PEV grid integration and supporting policies [11], [86]. 
Furthermore, research from the mobility point of view that takes into account multiple 
stakeholders is also situated at this layer [237]. 
 Stakeholder 
On this layer, each of the PEV stakeholders defines is own objective. For PEV users 
and fleet operators, this will typically be an economical objective, i.e., to charge the 
vehicle in the most cost effective way [6]. Grid operators are technically oriented in 
their objectives, as they are responsible to keep their grids operational at an acceptable 
cost to society [142]. Producers and suppliers, being private companies in an 
unbundled electricity system, typically have the objective to maximize their profit or 
market share.  
Based on their own objective, each stakeholder determines its strategic behavior. As 
a consequence, a change in energy or transportation policy can change the behavior 
or adapt the objectives of the PEV stakeholders. This layer has a time scale of years 
down to a quarter of an hour (the typical time constant in short-term energy markets). 
Grid planning (DSO and TSO), power plant investment planning (producers), load 
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forecasting (suppliers), etc., are examples of decisions and activities on this 
layer [19], [86]. 
Even though the objectives are clearly different for each stakeholder, they all have an 
indirect economic consequence. For example, reducing grid losses through 
coordinated PEV charging will reduce the running costs of the electricity system, 
which are typically financed through the grid tariffs [238]. More general, delivering 
grid supporting services with PEVs can be considered as a technical service with an 
economic value [146]. Through the economic values, the trade-off between different 
sorts of coordination objectives can be made. 
4.2.2 Implementation layer 
At this layer, the stakeholder's objectives are translated into operational practice. This 
layer can be considered as the interface between the planning and the operational 
layers. The dispatching of power plants within a producer's portfolio and the power 
output set-point coordination of the power plants through automatic generation 
control (AGC) are examples of power system actions at this layer [239]. The 
effectiveness of the methods used for set-point coordination can be evaluated by 
comparing the obtained results with benchmark values. The benchmark defines the 
optimal solution, if perfect knowledge would be available [236]. 
The implementation layer contains the methods for the set point coordination of PEV 
charging. Depending on the fleet size, the time resolution of coordination actions, etc., 
one can choose a suitable method. Centralized, hierarchical and distributed methods 
are being proposed in the literature [240]. The method will determine the required 
amount of communication, the time resolution of coordination actions, etc. [241]-
[243]. This layer has a time scale of a quarter of an hour down to seconds (time 
constant for secondary frequency and voltage control). 
The method for coordinated charging is dependent on the circumstances: a fleet of 
vehicles at a centralized charging location (e.g., vehicles at an office parking lot) is 
suited to use a centralized coordination method. For a large distributed fleet (e.g., 
vehicles located in residential areas), a distributed algorithm seems more suited. For 
some objectives, such as frequency support, a cascade of control methods is used. 
Because frequency is a highly variable grid parameter, a distributed method is 
required (primary frequency support) in addition to other methods (secondary and 
tertiary control). The distributed mechanism can be continuously active, or only once 
the frequency deviation is exceeds a predefined dead band [14], [228]. 
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4.2.3 Operational layers 
 Interface 
This layer is related to the physical grid constraints and grid regulation. Primary 
frequency regulation and voltage droop regulation through active and reactive power, 
respectively, are examples of actions on this control layer at the transmission system 
[73], [244]. This layer creates deviations from the set-point that is created by the 
mechanism on the implementation layer, if needed. This layer has a time scale of 
seconds down to 20 milliseconds (time constant of grid frequency variations). 
Control mechanisms on this layer typically require no communication, as they are 
embedded in the device and are activated through locally measured parameters (e.g., 
frequency and voltage). Therefore, this control layer provides a stabilizing mechanism 
in case of absent or malicious communication on the implementation layer. The 
implementation of control mechanisms on the interface layer typically occur through 
grid compliance codes for grid-connected devices. 
Because PEVs are charged through the low-voltage grid, the distribution grid 
constraints have a significant influence e.g., feeder current ratings, transformer power 
rating, and grid voltage deviations [73], [185]. For example, in case of an under 
voltage or an under frequency event, PEV charging may be altered or interrupted. It 
should be stressed that the actions only occur once a constraint is exceeded, as these 
actions interfere with the coordination mechanisms at the implementation layer. 
 Device 
The device layer takes into account the physical constraints of the grid-connected 
device, e.g., ramp rates of thermal and nuclear power plants [246], and variable output 
of wind power generation [247]. Limitations and constraints on this layer are 
dependent on the type of device. No matter what higher control layers decide, the 
physics of the device cannot be overruled. This layer has a time scale down to 
milliseconds. 
In case of PEVs, this layer contains control mechanisms such as the Battery 
Management System (BMS). This system monitors the battery pack parameters (e.g., 
cell unbalances, temperature, and voltage) and will actively modify the power flow if 
one of the battery constraints becomes active (e.g., thermal constraints, end-of-charge 
behavior) [248]. 
This layer can reduce/curtail the output of the device due to device-specific reasons, 
thereby overruling control actions of the higher control layers. One can already 
(partially) take into account some of the known limitations in the implementation layer 
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(e.g., end-of-charge behavior), to reduce the impact of this layer during normal 
operation. 
 Subsystem 
This layer is below the device layer: it includes physical phenomena that occur within 
subsystems of the device, e.g., limitations on turbine blades in thermal power 
plants [249], and switching frequency limitations for power electronic 
interfaces [250]. The effects of subsystems of the device are all represented in an 
aggregated way in the device physics layer. This layer has a time scale going down to 
sub-millisecond level. 
Research on this layer will is performed by the component manufacturers (e.g., 
semiconductor manufacturers), which has no direct relation with the electricity 
system. One could define several subsystems eventually, going down to the molecular 
level. Because this is out of scope, these layers are not further discussed. 
4.3 Objectives 
Different (technical, economic and combined) objectives can be taken into 
consideration when defining a PEV charging strategy. They are linked to different 
stakeholders, and each of them wants to minimize its own cost through 
objective-focused decision making. 
4.3.1 Technical objectives 
Technical objectives are linked to the physical assets and constraints of the energy 
system. These objectives include the minimization of energy losses, minimal voltage 
deviations, reducing peak power demand, balancing power supply and demand, 
supporting higher penetration of renewable energy, increased robustness, etc. [114]-
[121]. They have often been discussed from the point of view of electrical energy 
storage [224]-[226], considering V2G functionality. 
Technical objectives are related to electricity system stakeholders such as 
Transmission (TSO) and Distribution System Operators (DSO), electricity producers, 
retailers and consumers. The technical constraints are to be taken into account as 
boundary conditions. 
4.3.2 Economic objectives 
Economic objectives are linked to the energy market-related stakeholders (consumers, 
producers, and retailers). Electrical energy is traded on markets in which the prices 
may vary as a function of time. When anticipating on these price fluctuations, by 
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shifting the charging process in time to minimize the cost of charging, one can achieve 
financial benefits compared to uncoordinated charging [141]-[143], [189]-[252]. 
Dual-tariff schemes, real-time pricing, etc. are examples of time-of-use (TOU) pricing 
schemes. 
The optimization for economic objectives takes place on the level of electricity 
markets where the energy is purchased, grid constraints are not taken into account. 
For instance the Virtual Power Plant concept applied on electric vehicles (EV-VPP) 
focuses on an economic optimization of a large fleet of electric vehicles [145], [253]. 
The energy demand of a large group of PEVs is aggregated to conform to market entry 
requirements. By anticipating on the energy markets, charging costs can be 
minimized. The available capacity of the vehicle batteries could be a competitive 
alternative for certain high-value energy markets which include capacity payments 
(e.g. spinning reserves) [224]-[228]. 
4.3.3 Coupled techno-economic objectives 
Both technical and economic aspects are part of the total energy price to be paid by 
the consumer. The commercial part is set by the electricity trading markets, by 
balancing demand and supply of electrical energy on these markets. The technical part 
is determined by the assets of the energy systems and are dependent on the 
location [79], [163]. E.g. a low-voltage congestion has a great influence on the local 
grid condition, but has no influence on the wholesale market price. 
Although commercial operation based on an open market model serves as a base 
model for European electricity supply, one cannot disregard the technical constraints 
due to the grid [254]. At TSO-level, the technical constraints are already taken into 
account. In most European countries a power exchange market is used to establish a 
market price for the next day [255]. This commercial allocation is followed by a 
technical approval in case of network limitations in order to ensure security of 
supply [256]. 
Nodal pricing is another example that combines technical constraints and economic 
objectives. Both are reflected in the price at each node [257]-[261]. The technical 
aspects are translated into a cost function, which is the weighting factor in the 
optimization. Another possibility is to perform a multi-objective analysis, whereby 
the trade-off between the different objectives is determined [168], [238]. 
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4.4 Methods 
Objectives are translated into coordination systems by using a certain method. The 
methods found in literature are categorized into three types: centralized, distributed 
and hierarchical. 
4.4.1 Centralized methods 
With a centralized method, a central scheduler optimizes the charging strategy for 
each vehicle simultaneously. Each vehicle has to follow the schedule set by the 
scheduler. A centralized method requires communication between each vehicle and 
the central optimizer. When the size of the system increases, the amount of data will 
grow significantly. This will require a large infrastructure to handle all data, and 
typically has a high complexity [79], [182]-[183], [229]-[252]. 
On the other hand, centrally organized coordination can obtain a highly optimal 
strategy, since the optimization takes into account all relevant information of the 
control area. For this reason, benchmarking studies typically use a centralized 
optimization method (Section 4.6.4) [137]-[140]. 
4.4.2 Distributed methods 
When using distributed methods, the decisions are not made centrally, the intelligence 
is distributed throughout the system [184], [262]. The electric network is a distributed 
system with millions of consumers and multiple producers on different grid levels. 
With a distributed method, the structure of the coordination system may be matched 
to the grid structure. The communication overhead is limited compared to a 
centralized approach. Distributed (network) algorithms provide the scalability needed 
to control the large number of components in a smart grid [79], [263]. 
A possible distributed method is a distributed multi-agent system (MAS). A MAS 
consists of several autonomous entities (agents) which operate in an environment 
where they can cooperate to achieve a certain common goal [149]. Other distributed 
methods proposed in literature are based upon heuristics, game-theory or Particle 
Swarm Optimization [147]-[148], [179], [184], [264]. These methods run a local 
optimization (differentiating them from completely distributed multi-agent methods). 
Some of these local optimization strategies even obtain the global optimum, e.g. when 
using game-theoretic power consumption scheduling [184]. 
For some stability-related time-critical control mechanisms, only distributed control 
can be used because the time lag due to communication, needed for a centralized 
method, is too long [79], [176]-[180], [185]-[228]. 
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4.4.3 Hierarchical methods 
In hierarchical methods, the decisions are being made following a hierarchical 
structure. Each hierarchical level only communicates with the adjacent levels. Higher 
levels receive aggregated information from the lower level. The higher level in the 
hierarchy will optimize the aggregated energy flows. The lower levels receive a 
charging profile for their aggregated energy flow, which they dispatch to the level 
below them [177], [184]-[187]. 
Hierarchical methods are well-suited to match the multi-agent character of the energy 
system, with a combination of market and grid-oriented stakeholders at different 
levels. Grid-related agents can influence or adapt the market-oriented transactions to 
take into account grid constraints (e.g. capacity limitations). An example of a 
hierarchical methodology is a hierarchical multi-agent methodology [79], [183], 
[262]-[266]. 
4.5 Scale of coordination 
The scale of the coordination strategy defines the number of PEVs being coordinated: 
one vehicle, those located at one feeder at low-voltage level, those within one 
distribution-voltage area or within an entire TSO area. 
 Vehicle Scale: This is the smallest possible scale of coordination in which the 
coordination strategy only takes into account the information being available 
at that location and the optimization is focused on the individual benefits: 
charging at minimal cost, reduction of peak-power demand, etc. [120], [188], 
[267]-[268]. Coordination at this scale typically takes into account the power 
demand of the building [189]. 
 Low-Voltage Scale: This is the residential low-voltage level, with vehicles 
connected to one low-voltage feeder [115], [19], [137], [139]. Low-voltage 
micro grids are also considered at this scale [161], [177]. Local constraints are 
the ampacity of the feeder and the maximal allowed voltage deviation, taking 
into account the relatively high R/X-ratio of low-voltage feeders. The resistive 
behavior, compared to the inductively behaving transmission level, requires 
adapted control strategies for frequency and voltage control [79], [185]-[228]. 
 Distribution-Voltage Scale: At this level, the distribution grid and 
medium-voltage micro-grids are situated [114], [118]-[20], [21], [140], [146], 
[149], [160], [162], [178], [180], [263], [257]-[259], [264]. This level is being 
characterized by the expansive medium-voltage grid, which links the 
high-voltage transmission and low-voltage distribution level. Due to the 
COORDINATED CHARGING 77 
 
historical growth of these grids, standardization is limited. Coordination 
strategies at this scale should take into account the variety in grid topologies. 
 Transmission-Voltage Scale: At this level (high-voltage), the TSO and energy 
trading markets operate. This level is also the level at which energy-policy is 
formulated [12], [116], [15], [121], [123]-[138], [141]-[145], [176], [179]-
[183], [9]-[228], [253], [269]-[270]. Because of the aggregation of a high 
amount of PEVs, quite accurate predictions can be made considering the 
stochastic parameters of the fleet. Therefore, coordination systems at this level 
can approach the benchmarks fairly well. 
4.6 Correlation mapping 
4.6.1 Research category vs. coordination objective 
The correlation between the research category and the coordination objective gives an 
indication where the interest of research lies (Figure 4.2). Most of the literature 
focuses on the technical objectives, followed by coupled techno-economic objectives. 
Most literature is about scenario analysis, followed by benchmarking. 
 
 
Figure 4.2: Research category vs. coordination objective. 
 
In the category of impact analysis literature, coupled objectives are the most present, 
as impact analysis studies typically have an integrated high-level approach in which 
different stakeholders are taken into account (Section 4.1.1). These studies look 
further than only the technical or economic aspect separately. When an entire area, 
with all stakeholders, is taken into account, it is called an economic impact analysis. 
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The scenario analysis studies on the other hand have a strong focus on technical and 
techno-economic objectives. These studies typically investigate the impact on the 
electric energy system, in terms of peak-power demand, load profile, etc. The same is 
observed for benchmarking studies, which is obvious because of the strong ties 
between scenario analysis and benchmarking. 
For practical coordination systems, the economic objectives become more important. 
This can be understood due to the possibility to anticipate on a variable electricity 
price. These economic strategies focus on minimization of the cost for PEV charging 
on an individual base. If the electricity price incorporates technical constraints, one 
can achieve a coupled techno-economic charging strategy which anticipates on the 
economic focus of the consumer. 
4.6.2 Research category vs. scale of coordination 
This correlation indicates at which level of the energy system the different categories 
are investigated (Figure 4.3). Most research on coordinated PEV charging has been 
done at TSO-scale, for each category of research besides coordination strategies. As 
mentioned before, the integrated approach in impact analysis studies and the focus on 
the electric energy system in both scenario analysis and benchmarking studies, are 
implicitly more oriented at large scale. 
 
 
Figure 4.3: Research category vs. scale of coordination. 
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The share of the smaller scale strategies increases when going from theoretical to 
practical research on coordination systems. It is more realistic to start with 
smaller-scale coordination systems, which can be implemented more easily, than to 
immediately set up an expansive large-scale coordination strategy. Especially at the 
DSO-level, practical coordination strategies are investigated, as the distribution grids 
will be significantly impacted due to PEV charging. 
4.6.3 Scale of coordination vs. coordination objective 
This correlation indicates which coordination objective is being tackled at the 
different scales (Figure 4.4). At feeder and DSO-scale, the focus lies on technical 
objectives, due to the importance of technical constraints. More diversification is 
encountered at the TSO-level, due to the presence of the electricity markets and 
centralized power generation at this level. Large amounts of distributed generation, 
grouped in VPPs, can also participate at that level when their energy is traded on these 
markets. At household level, both technical and economic objectives are being 
investigated, while coupled objectives seem to be less present. Therefore, the 
household level is more present for practical coordination systems, typically focusing 
on one single objective. 
 
 
Figure 4.4: Scale of coordination vs. coordination objective. 
 
4.6.4 Research category vs. coordination method 
This correlation shows a high presence of a centralized methodology at all categories, 
except for the practical coordination systems (Figure 4.5). The other categories are 
making abstraction of practical considerations and focus on the optimally achievable 
result, being obtained through centralized optimization. For practical coordination 
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systems, distributed and hierarchical methods are more present than centralized 
methods. This can be understood due to the larger share of small-scale strategies in 
practical coordination systems, which are more distributed levels. 
 
 
Figure 4.5: Research category vs. coordination method. 
 
4.6.5 Scale of coordination vs. coordination method 
The correlation shows that most literature focuses on centralized methods, followed 
by distributed methods (Figure 4.6). As seen earlier, most literature is on scenario 
analysis and benchmarking, in which a central optimization is being used. The 
hierarchical methods are the least present in current literature.  
 
 
Figure 4.6: Scale of coordination vs. coordination method. 
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The larger share of the distributed method on DSO-level can be understood due to the 
distributed nature of this level, combined with the relatively large size of it. At feeder 
level, the amount of vehicles to be coordinated is smaller, limiting the overhead for 
centralized coordination systems. 
4.6.6 Coordination method vs. coordination objective 
This correlation shows that the hierarchical methods are primarily focused on 
technical objectives (Figure 4.7). This is related to the hierarchical structure in the 
grid, for which technical constraints are relevant. The large amount of literature on 
centralized methods is related to the large amount of scenario analysis and 
benchmarking studies, as explained earlier. Distributed methods are more related to 
practical coordination systems (Figure 4.5). 
 
 
Figure 4.7: Coordination method vs. coordination objective. 
 
4.7 Conclusion 
The opportunities of coordinated PEV charging for the society and its stakeholders 
are well investigated in the literature. PEV charging can be coordinated to maximize 
different objectives, where each stakeholder has its own objectives. For example, PEV 
owners want to charge at the lowest cost, while grid operators want to minimize 
infrastructure upgrades. Most of the proposed coordination systems only consider set-
point coordination for one or more coordination objectives, of which some seem to be 
in conflict with each other, because only direct costs and benefits are considered.  
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A multi-objective trade-off should be performed at the society and system layer, to 
create policy decisions and incentives which maximize the overall benefit for all 
stakeholders. In this way, the coordination objective at the stakeholder layer and the 
effective set-point coordination at the implementation layer are influenced to create a 
charging behavior that is more beneficial for the entire society. The benefits for the 
society will only occur in the long term, because a high number of PEVs on the 
national scale is required to have sufficient impact on the larger scale. 
Control actions at the device and subsystem layer are already implemented in PEVs, 
as they are required for a correct execution of the charging process. At the interface 
level, grid-stabilizing control actions are not yet taken into account for PEV charging. 
However, such mechanisms have already been investigated for distributed energy 
resources, for which they are already part of grid compliance codes in some countries. 
Control mechanisms for PEV charging at the interface layer should be considered, as 
local clusters of PEVs may significantly impact the distribution grid. Control actions 
at the interface layer create deviations from the coordination set-point once grid 
constraints are exceeded. 
Control actions at the interface layers thus provide a robust mechanism for the initial 
rollout of PEVs in the near term future, prior to the implementation of large-scale 
coordinated charging mechanisms. Furthermore, these set-point deviating control 
actions will remain relevant afterwards, to provide a robust fallback mechanism in 
case of absent or malicious coordination. In this way, control actions at the interface 
layer act as a primary control mechanism, e.g., primary frequency and voltage 
regulation. 
Grid-supporting control actions should become part of the grid compliance 
requirements for PEV chargers in the near-term future, to ensure that all new PEVs 
have the desired grid-supporting behavior. Therefore, it needs to be assessed which 
control actions provide the desired grid-supportive behavior. In the following two 
chapters, active and reactive charging power control strategies, respectively, are 
assessed and discussed. 
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5. Active power control 
The residential distribution grid impact of active power control strategies for PEV 
charging are investigated in this chapter. Uncontrolled and on-board controlled 
charging mechanisms are compared to each other, both with and without voltage 
droop-corrected charging behavior. This behavior is complementary with 
coordination, but can also be implemented without, it merely creates power set point 
deviations as a function of the grid voltage. Voltage droop charging behavior is 
implemented on the on-board charger, and it does not need communication between 
the PEV and the distribution grid. On-board controlled charging only needs one user 
input (the next departure time), as the other information (required recharging energy) 
is already available within the PEV. 
The content of this chapter has been based on the peer-reviewed paper: 
 N. Leemput, F. Geth, J. Van Roy, A. Delnooz, J. Büscher, and J. Driesen, 
“Impact of electric vehicle on-board single-phase charging strategies on a 
Flemish residential grid,” IEEE Trans. Smart Grid, vol. 5, no. 4, pp. 1815-
1822, Jul. 2014. 
The chapter is structured as follows. The background on active power control for PEV 
charging is summarized in Section 5.1. The materials used and methods applied are 
explained in Section 5.2. The results are discussed in Section 5.3, followed by the 
conclusions in Section 5.4. 
5.1 Background 
As discussed in Chapter 4, there is a need for local control strategies for PEV 
charging, as local clusters with a high PEV penetration rate might occur in the near-
term future, while the average penetration rate remains low. Therefore, no widespread 
coordination mechanism for PEV charging will be implemented in the near-term 
future. Therefore, local control mechanisms are needed, which have the objective to 
keep the distribution grid within operational constraints. These mechanisms will 
remain present in the long-term future, as a robust fallback mechanism, in case of 
absent or malicious coordination. These control mechanisms can be considered as the 
equivalent of primary voltage/frequency control mechanisms, as implemented on 
large generating units. The primary mechanisms avoid the system to go from a 
disturbed state to a critical state, and the secondary/tertiary mechanisms are activated 
to bring the system back from the disturbed state to the normal state. 
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Local off-line control mechanisms can make use of locally available grid and user 
information. The battery charger always measures the voltage waveform, as this 
information is needed to create a grid-compliant charging current, as discussed in 
Section 2.2.3. The voltage magnitude and frequency can be derived from this 
waveform, so this information could be used to alter the charging behavior. Such local 
control mechanisms are already required for photovoltaic (PV) installations in 
Germany, as part of their grid compliance requirements. PV installations have to 
reduce their active power output with a gradient of 40 % per Hertz from 50.2 Hz 
through 51.5 Hz, and disconnect from the grid above 51.5 Hz [271]. Furthermore, PV 
installations must adapt their reactive power behavior as a function of the grid voltage, 
(Chapter 6). 
Opposed to PV installations, active power control of PEV charging does not lead to a 
loss in user functionality, as long as the PEV is sufficiently charged by the next 
departure time. This is not the case for PV installations, as a deviation from the 
maximal power point leads to a decrease in energy yield. As active power control is 
already implemented for PV installations, where it has an inherent cost, it should 
definitely be investigated for PEV charging as well. PEV battery chargers always have 
the functionality to adapt the active charging power, as this is required anyway for the 
end of charge behavior, as discussed in Section 2.2.2. Therefore, no hardware 
adaptations are required to implement active power control for PEV charging. 
When a PEV charger draws a purely active current 𝐼𝑑, i.e., unity power factor (PF), 
the voltage magnitude impact can be calculated as follows: 
 
|𝑈2| =  √|𝑈1|2 − |𝐼𝑑𝑋|2 − (𝐼𝑑𝑅). (5.1) 
𝑈1 represents a voltage source, e.g., the voltage magnitude at the interface between 
the distribution and the transmission grid, and 𝑈2 is the resulting voltage at the point 
where the active current offtake 𝐼𝑑  takes place. 𝐼𝑑  influences the resulting voltage 
magnitude |𝑈2|, due the impedance (𝑅 + 𝑗𝑋) between 𝑈1  and 𝑈2 , as illustrated in 
Figure 5.1. Thus, by altering the charging current, voltage magnitude can be altered 
to reduce the induced distribution grid voltage drop. Reactive currents also influence 
the grid voltages, but it requires a full-bridge active rectifier to control reactive 
currents, which not all PEVs are equipped with (Chapter 6) [44]. Voltage droop 
charging (Section 5.2.4) will be assessed in this chapter as an active power control 
strategy for PEV charging. 
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Figure 5.1: Voltage magnitude impact of active power consumption. 
 
Beside the active PEV charging power control for grid purposes (Chapter 4), local 
coordination mechanisms can be considered to further reduce local grid impacts. The 
difference between the control and the coordination mechanisms is when they are 
activated. Control actions only occur when the grid is in the disturbed state, not in the 
normal state, as the grid constraints only need to be met, not exceeded [70]. 
Coordination mechanisms on the other hand are continuously active, also when the 
grid is in the normal state, in order to avoid the disturbed state as well. Because a local 
coordination mechanism will also be active when the distribution grid is within the 
normal state, the charging process is more influenced than when only control actions 
occur. Therefore, incentives might be required to participate in such local coordination 
mechanisms, similar as for other demand response mechanisms [272]-[273]. 
PEV charging can be controlled locally to smoothen the power profile of the 
distribution system [19], e.g., distribution grid peak shaving as explicit 
objective [114], [146], [169], or as a constraint in cost-minimizing coordination 
strategies [170]-[171]. Distribution grid peak shaving can be chosen as an 
optimization objective, to mitigate local load peaks in the distribution grid. This 
reduces the simultaneity of household and PEV power demand, which positively 
impacts voltage deviations [169] and grid losses [146]. Voltage deviation reduction 
can also be considered as a coordination objective during times of excessive 
deviations [19]. A wide range of programming techniques are used to implement these 
coordination strategies, e.g., linear programming [171]-[172], sequential quadratic 
programming [19], [274], dynamic programming [19], [228], convex quadratic 
programming [146], and heuristic programming [10], [111]. The choice of the 
programming technique is a trade-off between optimality, completeness, accuracy, 
complexity, robustness, and execution time. 
86 ACTIVE POWER CONTROL  
 
Alternatively, local parameters can be used for a rule-based coordination strategy of 
the PEV charging process, opposed to the abovementioned optimization strategies. 
These rule-based coordination strategies do not require communication between the 
PEVs, and they do not require predictive knowledge. Furthermore, as there is no 
optimization to be conducted, there is no calculation time which needs to be taken into 
account, and the execution time of the rule-based coordination strategy is independent 
of the amount of participating PEVs. For example, the PEV charging power rating can 
be reduced based on the required charging energy, which can be calculated by the 
PEV itself based on the time until the next departure, which can be delivered as an 
input by the PEV user. This coordination strategy is hereafter referred to as PEV-
based peak shaving (Section 5.2.4). 
5.2 Materials and methods 
5.2.1 Distribution grid data 
A real urban feeder topology is used here (Figure 5.2 and Table 5.1), provided within 
the EIT-KIC InnoEnergy EVCity project [275]. The 39 residential loads ℎ are grid 
connected through 29 nodes 𝑖. The distance between these nodes and the transformer 
varies between 310 and 550 m. All households have a single-phase grid connection 
between one of the three phases (𝑝ℎ ∈ {𝑎, 𝑏, 𝑐})  and the common neutral 
conductor 𝑛; the rated neutral-to-phase voltage 𝑈nom is 230 V. Cable parameters are 
taken from the standard NBN C33-322 [276]. Cable type EIAJB 1 kV 
3×70 + 1×50 mm2 is used for the main feeder. Cable type EXVB 1 kV 4×16 mm2 is 
used to connect the household supply terminals with the main feeder, except at 
node 28, where cable type EXVB 1 kV 4×35 mm2 is used, because of the high load 
that is connected there. These cables are between 5.3 and 14.8 m in length. 
 
 
Figure 5.2: Schematic overview of the residential low voltage feeder topology, 
with 29 connection nodes 𝑖 serving 39 households ℎ. 
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Table 5.1: LV grid parameters. 
 Primary Secondary 
Cable type Cu-3×70 + 1×50 mm2 Cu-4x16 mm2 
𝑰max [A] 245 120 
𝒁cable [Ω/km] 0.268 + 0.085i 1.15 + 0.083i 
Parallel feeders 
# parallel feeders 5 
Length [m] 300 
# loads/feeder 39 (29 nodes) 
Total # household loads 234 
𝑺tr [kVA] 400 
𝒁tr [Ω] 0.007 + 0.029i 
 
The feeder is connected to a MV/LV transformer with a power rating Str = 400 kVA. 
The transformer impedance is derived from [277]. Because multiple LV feeders are 
connected to the transformer, five simplified feeders with a length of 300 m are added. 
An aggregated unbalanced load, with an equivalent number of households as for the 
detailed feeder, is added to each parallel feeder. As a result, the transformer capacity 
equals 1.7 kVA per household, a realistic value for urban LV distribution grids. 
5.2.2 Residential load and generation 
A stochastically representative set 𝐻𝑜of 39 real single-phase household electric power 
consumption profiles ℎ was sampled in 2008 [278], with a 15 min time resolution. 
The profiles are self-identified in the survey as within an urban environment. Only 
active power consumption was measured, and therefore reactive power consumption 
is neglected in the simulations. The households are alternatingly connected to the three 
phases 𝑝ℎ 𝜖 {𝑎, 𝑏, 𝑐}. 
On the main feeder, 14 houses are assigned a photovoltaic (PV) installation (Figure 
5.2). The PV power generation profiles for these installations are based upon 
measurements at an installation of the KU Leuven, with a 15 min resolution. The PV 
power profile is scaled to match the annual power generation to the annual household 
power consumption at the selected locations. The single-phase regulatory inverter 
power rating limit of 5 kVA is taken into account [279], and a unity PF of 1 is assumed 
for the PV power generation [280]. 
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5.2.3 PEV charging load 
A representative set ℰ𝑜  of charging profiles 𝑒, with a 1 min time resolution ∆𝑇, is 
generated. The fleet modeling (Chapter 3) is used to create a representative fleet of 
PEVs. Each household ℎ ∈ 𝐻𝑜 is assigned a PEV 𝑒 ∈ ℰ𝑜. The rated battery capacities 
are 10, 15, and 20 kWh for subcompact, midsize, and large vehicles, respectively. The 
usable battery capacity is limited to 80 % of the rated capacity, to extend the battery 
life [41]. 
The PEVs are modeled as Extended Range Electric Vehicles (EREVs), using battery 
power as long as the battery is not depleted. Consequently, the combustion engine 
only runs when the battery is depleted. Therefore, all mobility requirements are met, 
even if the battery is depleted. 
The PEVs are grid-connected at home and at the workplace, whenever they are 
standing still at these locations for more than 15′. Mode 3 charging infrastructure is 
assumed [104], with the commonly occurring power rating of 3.3 kW, which results 
in a current rating of 16 A at 90 % of 𝑈nom  in continental Europe. A PF of 1 is 
assumed for slow charging, as the default PF for PEV chargers is well above 
0.99 [127]. 
5.2.4 Charging cases 
Four different PEV charging cases 𝑐 are investigated (Table 5.2), and compared to the 
case without PEVs (𝑐0). 
 
Table 5.2: Summary of the charging cases. 
Case 𝒄 Description 
0 No PEVs 
1a Uncoordinated charging 
1b Uncoordinated charging with voltage droop 
2a PEV-based peak shaving 
2b PEV-based peak shaving with voltage droop 
 
 Uncoordinated charging 
Uncoordinated charging is represented by 𝑐1. The PEVs start charging immediately 
when they are grid connected, until fully charged or until leaving for the next trip. 
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Thus, the battery is recharged as soon as possible. The flexibility of PEV charging is 
completely dedicated to increase the comfort of the PEV user. 
For 𝑐1𝑎, during each time step 𝑘, the charging power 𝑃𝑘
1𝑎 equal to the rated power 
𝑃rat




For 𝑐1𝑏, voltage droop charging is used [281]. The charging power 𝑃𝑘
1𝑏  depends on 
the voltage magnitude |𝑈𝑝ℎ,𝑖,𝑘| at the phase 𝑝ℎ and connection node 𝑖 where the PEV 
is grid connected, during the time step 𝑘: 
𝑃𝑘
1𝑏 = 3.3 kW ∙ 𝑓(|𝑈𝑝ℎ,𝑖,𝑘|). (5.3) 
The function 𝑓(|𝑈𝑝ℎ,𝑖,𝑘|)  linearly decreases from 1 to 0 at voltage magnitudes 
between 0.90 and 0.85 pu (Figure 5.3), which will increase the charging time when 
the voltage magnitude is below 0.9 pu. The range 0.85-0.90 pu is chosen, as this 
coincides with the voltage magnitude threshold values of the EN50160 grid 
compliance code (Section 2.4.3). As a result, the charging is only altered if the voltage 
magnitude goes outside the normal operating range, and charging is completely 
stopped when the voltage goes to the critical range. 
 
 
Figure 5.3: Piece-wise linear voltage droop charging behavior. 
 
A grid voltage measurement is already present in PEV chargers, because the charging 
current waveform needs to be controlled to be grid compliant. PEV chargers can adapt 
their charging power within a wide range, which is required to stay below the maximal 
charging current that is allowed by the Mode 2 or Mode 3 charging infrastructure. 
Therefore, voltage droop charging behavior can be implemented in current PEV 
chargers, by adapting their control scheme. 
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 PEV-based peak shaving 
For 𝑐2, the charging power set point 𝑃𝑘
2,set
 is equal to the minimal power that is needed 





 depends on ∆𝑇𝑘
dep
, the SOC at the considered time step SOCk, 
and 𝐸nom. To avoid a too low efficiency at partial load [48], the charging power set 
point lower limit is 25 % of 3.3 kW (825 W): 
𝑃𝑘,avg
2,set = (1 − SOCk). 𝐸nom





 825 W    𝑃𝑘,avg
2,set ≤ 825 W
𝑃𝑘,avg
2,set   825 W < 𝑃𝑘,avg







Thus, if a PEV is standing still for 10 h until the next departure and 10 kWh is needed 
to recharge the battery, 𝑃𝑘
2,𝑠𝑒𝑡
 will be 1 kW. 





For 𝑐2𝑏, a voltage droop charging behavior is implemented, as illustrated Figure 5.3. 
















For example, if the voltage magnitude is 0.875 pu, the maximal charging power is 
limited to 1.65 kW, i.e. 50 % of 3.3 kW. If the charging strategy already limits the 
charging power to 1 kW, the charging process will not be influenced. If the voltage 
droop influences the charging process, the charging power will be adapted in the 
following time step to get the PEV fully charged by the next departure, given the 
charging power rating of 3.3 kW. 
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5.2.5 Simulation approach 
The simulations are conducted for 25 randomly selected weeks out of a one-year 
scenario, resulting in a number of time steps 𝑛𝑡 = 252,000, i.e., 𝑘 𝜖 {1, 2, … , 𝑛𝑡}. This 
same selection is used for each case, to make a correct assessment. For each 1 min 
time step 𝛥𝑇 , the evolution of 𝑆𝑂𝐶𝑘  for each PEV is calculated. The resulting 
residential PEV charging profiles are added to the residential load and generation 
profile at the respective grid nodes. The residential load profiles are constant for their 
15 min period. The workplace charging profiles are not added, as it is assumed that 
there are no workplace charging locations in this residential grid.  
A three-phase unbalanced load flow analysis is implemented in MATLAB. 
Unbalanced loads are taken into account, as well as the resulting zero-point shifting 
due currents running through the common neutral conductor. The backward-forward 
sweep technique is used, because of the radial layout of the grid [282]. The problem 
is converged when the worst time step voltage error 𝜀𝑉  is below 0.1 V. A 
supplementary convergence criterion is used for the PEV loads: the worst time step 
power error 𝜀𝑃 is below 33 W, which is 1 % of the charging power rating.  
All loads are modeled with unity power factor for all cases. The loads are modeled as 
constant power loads for 𝑐{0,1𝑎,2𝑎}. For 𝑐{1𝑏,2𝑏}, the voltage dependent PEV charging 
behavior is implemented within the backward-forward sweep, while the other loads 
are modeled as constant power loads.  
5.3 Results and discussion 
The simulation results are discussed in this section. The impact of the charging 
strategies on the charging behavior is summarized in Section 5.3.1. The voltage droop 
charging behavior is discussed in detail in Section 5.3.2. The impact on the power 
profile, voltage magnitude, and voltage unbalance are discussed in Section 5.3.3, 
5.3.4, and 5.3.5, respectively. 
5.3.1 Charging behavior 
The PEV charging simultaneity is defined as the number of PEVs that are charging 
simultaneously at the feeder (Table 5.3), on which each of the 39 households has a 
PEV. For all cases, the maximal charging simultaneity is below 30 PEVs, and even 
below 20 PEVs for 𝑐{2𝑎,2𝑏} . During more than 50 % of time, at least 3 PEVs are 
charging for 𝑐{1𝑎,1𝑏}, and 9 PEVs for 𝑐{2𝑎,2𝑏}. The higher simultaneity for 𝑐{2𝑎,2𝑏} is 
due to the spreading of the charging process over the full standstill time at home.  
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Table 5.3: PEV charging simultaneity. 
# PEVs charging 
simultaneously 
Fraction of the total time [%] 
𝒄𝟏𝒂 𝒄𝟏𝒃 𝒄{𝟐𝒂,𝟐𝒃} 
> 0 85.4 85.5 99.8 
> 5 27.0 27.4 74.5 
> 10 9.3 9.8 46.4 
> 15 1.3 1.5 31.8 
> 20 0.0 0.0 17.5 
> 25 0.0 0.0 4.1 
 
The impact of the different charging cases on the PEV charging time differs 
significantly (Table 5.4). The charging time increase for 𝑐1𝑏 vs. 𝑐1𝑎 is less than 5 % 
for all vehicles in the fleet. The charging time for 𝑐2𝑎  and 𝑐2𝑏  are identical and 
substantially longer than for 𝑐{1𝑎,1𝑏}, since both fully make use of the standstill time 
at home. 
 
Table 5.4: PEV charging time. 
Distribution  
within the PEV fleet 
Fraction of total time [%] 
𝒄𝟏𝒂 𝒄𝟏𝒃 𝒄{𝟐𝒂,𝟐𝒃} 
Minimum 3.8 3.9 13.9 
Mean 10.4 10.5 30.1 
Maximum 16.2 16.3 43.2 
 
The cumulative charging time increase, for each charge event per PEV, remains below 
7.2, 16.2, 30.8, and 72.8 % for 85, 90, 95, and 100 % of all charging actions, 
respectively (Figure 5.4). This illustrates the significant impact of voltage droop 
behavior on the charge duration at some moments, but a limited impact most of the 
times. 
The minimum, mean and maximum value for the utility function 𝐹U in the fleet are 
57.4, 70.8, and 85.5 %, respectively. 𝐹U remains identical in all cases for each PEV 
in the fleet. This indicates that there is sufficient charging flexibility to implement 
voltage dependent charging behavior, even in this constrained grid situation. 
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Figure 5.4: Duration increase per PEV of cumulative charge events for 𝑐1𝑏  vs. 𝑐1𝑎. 
 
5.3.2 Voltage droop charging behavior 
To illustrate the voltage droop charging behavior in detail, a four-hour period between 
22.30 and 02.30 on one specific day is visualized for 𝑐1𝑎  and 𝑐1𝑏 . The charging 
simultaneity for 𝑐1𝑎 (black curve) and 𝑐1𝑏 (grey area) are illustrated in Figure 5.5. The 
simultaneity varies between 6 and 18 PEVs for both cases. The charge simultaneity is 
slightly higher for 𝑐1𝑏 than in 𝑐1𝑎, due to the charge duration increase that occurs if 
the droop behavior is active, which compensates for the charging power reduction. 
 
 
Figure 5.5: Charging simultaneity for 𝑐1𝑎 (black curve) and 𝑐1𝑏 (grey area). 
 
For three households ℎ 𝜖{23, 31, 39} , each on a different phase, the voltage 
magnitude and PEV charging profile are illustrated in Figure 5.6 for 𝑐1𝑎 (black curve) 
and 𝑐1𝑏 (grey area). The PEVs at ℎ = 31 and ℎ = 39 reduce their charging power for 
𝑐1𝑏, because the voltage magnitude goes below 0.9 pu. The resulting charging time 
increase and the substantial impact on the voltage magnitude can be observed. 
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Figure 5.6: Nodal voltage profiles and charging power profiles 
for 𝑐1𝑎 (black curve) and 𝑐1𝑏 (grey area). 
 
The voltage droop behavior of all PEVs that face voltage magnitudes below 0.9 pu 
during charging influences all nodal voltages on the feeder. This can be seen at ℎ =
23, where the voltage profile changes, while the charging profile of the PEVs is 
identical. Also, there are changes in the voltage profile when the PEV is not charging, 
due to the voltage droop behavior of other PEVs that are charging at that time. 
5.3.3 Power profile 
The maximum transformer load 𝑆max
tr , delivered energy 𝐸del, and grid losses 𝐸grid are 
summarized in Table 5.5, for both positive (pos) and negative (neg) values. The 
negative power values occurs at times when instantaneous PV power generation 
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exceeds power consumption in the LV grid. This is due to the difference in timing of 
PV power generation and household power consumption. 
The load 𝑆𝑝ℎ,𝑘
tot  on each phase 𝑝ℎ is defined as follows: 
𝑆𝑝ℎ,𝑘
tot  = 𝑃𝑝ℎ,𝑘
grid
 +  𝑗𝑄𝑝ℎ,𝑘
grid
 +  ∑ 𝑃𝑝ℎ,ℎ,𝑘
load
ℎ𝜖𝐻0 + ∑ 𝑃𝑝ℎ,𝑒,𝑘
ch





 are the active and reactive grid power losses for each phase on 
each time step. 𝑃𝑝ℎ,ℎ,𝑘
𝑙oad  is the residential load, including PV power generation, 𝑃𝑝ℎ,𝑒,𝑘
ch  
is the active power consumption of a PEV during charging. 
 
Table 5.5: Impact of the charging strategy on the power profile. 
Case 
𝑺max
𝒕𝒓  [kVA] 𝑬del [MWh] 𝑬grid 
[MWh] pos neg pos neg 
𝒄𝟎 264.2 271.5 324.2 43.8 6.0 
𝒄𝟏𝒂 588.3 234.1 647.1 31.1 24.1 
𝒄𝟏𝒃 572.2 234.1 647.2 31.1 23.6 
𝒄𝟐𝒂 375.3 222.0 641.3 25.6 17.9 
𝒄𝟐𝒃 364.1 222.0 641.3 25.6 17.9 
 
𝑆max





tot |𝑝ℎ𝜖{𝑎,𝑏,𝑐} ]. (5.10) 
𝐸del and 𝐸grid are defined as follows: 
𝐸del  = 𝑇𝑠 ∑ ∑ (∑ 𝑃𝑝ℎ,ℎ,𝑘
load




𝑘=1 ; (5.11) 




𝑘=1 ; (5.12) 
where 𝐸del only contains the energy the households effectively consume (pos) and 
produce (neg), as the grid losses are not of interest for the residential end user. 
Compared to 𝑐0, 𝑆max
𝑡𝑟  is more than doubled for 𝑐{1𝑎,1𝑏}. As a result, the transformer is 
loaded above its rating for 𝑐{1𝑎,1𝑏} . The increase is significantly less for 𝑐{2𝑎,2𝑏} . 
Because 𝑆max
𝑡𝑟  is at 93.8 and 91.0 % of the transformer rating for 𝑐2𝑎  and 𝑐2𝑏 , 
respectively, a transformer upgrade is not required. When comparing 𝑐1𝑎 and 𝑐1𝑏, it 
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can be concluded that the presence of voltage droop behavior only has a limited impact 
on the peak power. 
𝐸del approximately doubles due to PEV charging. The difference in power generation 
and consumption between 𝑐{1𝑎,1𝑏} and 𝑐{2𝑎,2𝑏} is due to a higher self-consumption for 
𝑐{2𝑎,2𝑏}, because the simultaneity between PEV charging and PV power generation 
increases. However, the limited difference indicates that the simultaneity remains low. 
𝐸grid for 𝑐{1𝑎,1𝑏} is approximately the fourfold compared to 𝑐0, due to the increase in 
peak power and power consumption. 𝐸grid for 𝑐{2𝑎,2𝑏} is approximately 25 % lower 
than for 𝑐{1𝑎,1𝑏}, due to the lower peak power values. 
5.3.4 Voltage magnitude profile 
The impact of PEV charging on the voltage magnitude is summarized in Table 5.6. 
The voltage magnitude stays below 1.1 pu for all cases, so only the minimum voltage 
𝑈min  is discussed. For 𝑐
0  the voltage magnitudes are compliant with EN50160 
(Eq. 2.1 and 2.2), 𝑈min is just below 0.9 pu, for only 0.2 % of time in one week at one 
location. 
 




Max weekly duration [%] 
𝑼𝒑𝒉,𝒊,𝒌 < 0.85 pu 𝑼𝒑𝒉,𝒊,𝒌 < 0.9 pu 
𝒄𝟎 0.90 0.0 0.2 
𝒄𝟏𝒂 0.75 2.1 8.5 
𝒄𝟏𝒃 0.86 0.0 10.4 
𝒄𝟐𝒂 0.85 0.0 1.4 
𝒄𝟐𝒃 0.87 0.0 1.4 
 
For 𝑐1𝑎, the grid is not compliant with the EN50160 standard. 𝑈min is 0.75 pu and the 
voltage magnitude goes below 0.85 pu in each of the 25 weeks of the simulation, 
affecting 37 households.  
For 𝑐1𝑏 , 𝑈min  is above 0.85 pu. However, the grid is still not compliant with 
EN50160. The voltage magnitude is below 0.9 pu in 8 weeks of the simulation for up 
to 10.4 % of time per week, affecting 13 households.  
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For 𝑐{2𝑎,2𝑏}, the voltage magnitude is compliant with EN50160. 𝑈min is above 0.85 pu 
and the voltage magnitude is between 0.9 and 0.85 pu for a maximum of 1.4 % of time 
per week. 
5.3.5 Voltage unbalance factor 
The impact of PEV charging on the voltage unbalance factor 𝐹𝑉𝑈 is summarized in 
Table 5.7. For 𝑐0 the voltage unbalances are compliant with EN50160 (Eq. 2.3 and 
2.4), as the maximum voltage unbalance factor 𝐹max
𝑉𝑈  remains below 2 %. 
 





Max weekly duration 
𝑽𝑼𝑭 > 𝟐 % [%] 
𝒄𝟎 1.9 0.0 
𝒄𝟏𝒂 5.0 7.7 
𝒄𝟏𝒃 3.4 4.5 
𝒄𝟐𝒂 2.6 0.3 
𝒄𝟐𝒃 2.5 0.3 
 
For 𝑐1𝑎, 𝐹𝑉𝑈 is above 2 % for up to 7.7 % of time per week, in 7 of the 25 weeks. 
This affects 24 of the 39 households, in up to 7 weeks for individual households. For 
𝑐1𝑏 , 𝐹𝑉𝑈  values are compliant with the standard. 𝐹𝑉𝑈  only exceeds 2 % for a 
maximum of 4.5 % of time per week. Thus, voltage droop behavior substantially 
reduces 𝐹𝑉𝑈. 
For 𝑐{2𝑎,2𝑏}, 𝐹𝑉𝑈 exceeds 2 % for a maximum of 0.3 % of time per week, which is 
compliant with EN50160. This is significantly lower than for 𝑐{1𝑎,1𝑏} , due to the 
increased charging simultaneity and lower peak power values. 
5.4 Conclusions 
The residential grid impact of PEV charging can be substantially reduced with on-
board strategies that do not require communication between the PEVs and the DSO 
or PEV aggregator. Voltage droop charging and on-board peak shaving both can be 
implemented within the PEVs. 
Voltage droop charging eliminates PEV-induced voltage magnitudes below 0.85 pu. 
𝐹𝑉𝑈  values higher than 2 % occur for less than 5 % of time per week. However, 
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because the voltage magnitude is below 0.9 pu for more than 5 % of time per week, 
the grid is not compliant with the EN50160 standard. On-board peak shaving makes 
the grid fully compliant with EN50160, and the peak power remains below the 
transformer rating. As a result, there is no need for grid infrastructure reinforcements. 
For all cases, the voltage droop behavior reduces PEV-induced voltage deviations and 
voltage unbalance. The combination of both strategies enables the integration of PEVs 
prior to the widespread availability of coordination. Once available, PEV-based peak 
shaving can be bypassed, while the voltage droop enabled charger provides an 
effective fallback mechanism in case of erroneous coordination. 
The electrically driven fraction remains identical to uncontrolled charging for both 
strategies. However, the impact on the charging time is different. For voltage droop 
charging, there is a significant impact at some moments, but a limited impact at most 
of the time. Therefore, the total charging time is only impacted marginally. For PEV-
based peak shaving, the charging time increases significantly because the full 
standstill time at home and at the workplace is used. Therefore, incentives will be 
required to convince PEV users to participate. 
Another way of mitigating the grid impact of PEV charging is to make use of reactive 
power, instead of active power. The advantage of this approach is that it does not 
influence the charging process, given that the PEV chargers is appropriately sized. 




6. Reactive power control 
The residential distribution grid impact of reactive power support of single-phase 
electric vehicle chargers is investigated in this chapter. Reactive power support is 
investigated for three different electric vehicle charging strategies: uncoordinated 
charging, residential off-peak charging, and PEV-based peak shaving. For an 
increasing amount of reactive power support, the grid impact is compared in terms of 
LV voltage deviations, MV/LV transformer peak load, and distribution grid losses. 
The results are used to assess which level of reactive power support allows for the 
highest PEV hosting capacity, before grid infrastructure investments are required, 
taking into account different active power charging strategies. The level of reactive 
power injection can be implemented by including the resulting capacitive PF in the 
grid compliance code for PEV chargers. 
The content of this chapter has been based on the peer-reviewed paper: 
 N. Leemput, F. Geth, J. Van Roy, J. Büscher, and J. Driesen, “Reactive power 
support in residential LV distribution grids through electric vehicle charging,” 
Sust. Energy, Grids and Networks, vol. 3, pp. 24-35, Sept. 2015. 
The chapter is structured as follows. Background information on reactive power in 
distribution grids is briefly discussed in Section 6.1. In Section 6.2, the materials used 
and methods applied are explained. The results are discussed in Section 6.3, followed 
by a grid topology sensitivity analysis in Section 6.4. The conclusions are summarized 
in Section 6.5. 
6.1 Background 
The active power charging strategies discussed in Chapter 5 increase the charging 
time, compared to uncontrolled charging, as the average active power rating is 
reduced. As a result, the user comfort is impacted to some extent [150], which implies 
that incentives are needed to convince him to participate. PEVs are grid connected via 
a power electronic interface, allowing for the implementation of more advanced 
charging strategies. Reactive power support could be implemented, if the on-board 
charger is suitably designed and sized. 
With a typical average R/X ratio between 0.5 and 5 for LV distribution grids [283], 
the contribution of reactive power to grid voltage variations may be substantial. The 
reactive power behavior for different PEV types is investigated in [127]. All of the 
investigated PEVs have a power factor (PF) that is well above 0.99, but their reactive 
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power contributions vary significantly. As for a PF of 0.99, the reactive power 
injection or consumption already amounts to up to 14.25 % of the active power 
consumption, which may already have a noticeable influence on the LV grid. 
For residential photovoltaic (PV) installations, grid-supporting reactive power 
behavior has already been investigated. The use of an inductive PF between 0.95 and 
1 is an effective manner to mitigate the grid impact of residential PV 
installations [284]. Reactive power support of (large) PV installations is already part 
of the grid code in some countries. For example in Germany, LV grid-connected PV 
installations rated above 3.68 kVA have to follow a specified PF droop curve as a 
function of their instantaneous power output [271]. 
A similar approach can be used for PEV charging, by injecting reactive power during 
PEV charging, i.e., capacitive behavior. The voltage magnitude impact of reactive 
current offtake 𝐼𝑞  (i.e., reactive power injection) during active current offtake 𝐼𝑑 (i.e., 
active power offtake) is illustrated with a simple example (Figure 6.1). 𝑈1 represents 
a voltage source, and 𝑈2 is the resulting voltage at the point where the current offtake 
𝐼𝑑 + 𝑗𝐼𝑞  takes place. Both 𝐼𝑑  and 𝐼𝑞  influence the resulting voltage magnitude |𝑈2|, 
due to the series impedance (𝑅 + 𝑗𝑋) between 𝑈1 and 𝑈2: 
|𝑈2| =  √|𝑈1|2 − |(𝐼𝑞𝑅) + (𝐼𝑑𝑋)|
2
− (𝐼𝑑𝑅) + (𝐼𝑞𝑋). (6.1) 
 
 
Figure 6.1: Voltage magnitude impact of active and reactive power. 
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The voltage drop due to active current −(𝐼𝑑𝑅) is partially compensated for by a 
voltage rise due to reactive current +(𝐼𝑞𝑋). Instead of adapting the active charging 
power profile, and thereby impacting the user comfort, reactive power can be used to 
support the grid during PEV charging. However, the apparent power rating of the PEV 
charger is not to be exceeded. For example, in order to obtain a 0.95 PF value, the 
apparent power rating of the PEV charger should be 105.3 % of the active power 
rating. Thus, for a typical PEV charger active power rating of 3.3 or 6.6 kW, an 
apparent power rating of 3.5 or 7.0 kVA, respectively, is enough to provide a 0.95 
capacitive PF. The reactive power injection for this 5.3 % oversizing already amounts 
to up to 32.9 % of the active power consumption. 
To the best of the authors’ knowledge, the LV grid impact assessment of reactive 
power support for PEV chargers is not investigated in the literature, neither for 
uncoordinated charging, nor in conjunction with a control strategy for PEV charging. 
The objective is to assess which capacitive PF could be used for all suitable PEV 
chargers to provide a beneficial overall result. This approach is similar to the above-
mentioned research conducted on grid-supporting reactive power support of PV 
installations, for which an inductive PF is implemented [284]. The grid impact of 
reactive power injection could be further optimized by differentiating the PF between 
the PEV chargers, but this is not the objective here, as this would require knowledge 
on the specific location of each vehicle, and also communication between the PEVs. 
6.2 Materials and methods. 
6.2.1 Distribution grid data 
A real urban feeder topology is used to model a residential LV grid (Figure 6.2 and 
Table 6.1), the grid modeling is explained in detail in Section 5.2.1. Also for this grid, 
𝑆tr=400 kVA, and five simplified parallel feeders are added [283]. The resulting R/X 
value for the aggregated series impedance (MV/LV transformer, primary feeder, and 
secondary feeder) ranges from 1.3 to 2.9, when moving from the household the closest 
to the transformer (ℎ = 1) to the one the furthest away from it (ℎ = 42). 
The LV voltage deviations at each node should remain within 7.5 % of 𝑈rat 
(Section 2.4.3.1). The voltage magnitude and unbalance constraints, together with the 
feeder current constraints, determine how much PEV charging load the distribution 
grid can accept, additional to the residential load and the PV power generation. As 
opposed to the current and voltage constraints, the transformer power rating is not a 
hard real-time constraint (Section 2.4.3.3). 
 
102 REACTIVE POWER CONTROL 
 
 
Figure 6.2: Urban LV feeder topology, with lengths drawn to scale. 
 
Table 6.1: LV grid parameters. 
 Primary Secondary 
Cable type Al-4x95 mm2 Cu-4x16 mm2 
𝑰max [A] 245 120 
𝒁cable [Ω/km] 0.320 + 0.078i 1.15 + 0.083i 
Parallel feeders 
# parallel feeders 5 
Length [m] 250 
# loads/feeder 42 
Total # household loads 252 
𝑺tr [kVA] 400 
𝒁tr [Ω] 0.005 + 0.015i 
R/X 1.3 – 2.9 
 
6.2.2 Residential load and generation 
A residential electric load profile generator is used to create a statistically 
representative set 𝐻𝑜 of single-phase household electric power consumption profiles 
ℎ, with a 15 min time resolution [285]. Variations between week and weekend days, 
as well as seasonal variations, are included. The reactive power consumption of 
household loads highly depends on the type of appliance that is active. In general, the 
PF increases with increasing active power consumption. However, a fixed inductive 
PF is typically used in grid impact assessment studies, underestimating reactive power 
consumption at low, and overestimating at high load.  
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As a detailed analysis of the reactive power consumption of household loads is out of 
scope, the reactive power behavior is based upon a 48 h duration measurement with a 
6 s time resolution. Using the Curve Fitting Toolbox of MATLAB, a two-term power 
series is fitted on the measured data: 
𝑃𝐹ℎ,𝑘
load = 0.9928 − 0.003705 · ((𝑃ℎ,𝑘





load are the inductive PF and the power consumption, respectively, of 
household load profile ℎ at time step 𝑘 (Figure 6.3). With this model, the PF increases 
from 0.50 to 0.99 inductive when the load increases from 0 to 8 kW, the range in 
which the single-phase household power profiles vary. 
 
 
Figure 6.3: Measurements and fitted curve of the household load reactive power behavior. 
 
In Flanders, residential grid-connected PV power generation amounts to 
approximately 10 % of the residential power consumption [286]. Therefore, a random 
selection of 10 % of the houses is assigned a PV installation. The PV power profiles 
are based upon full-year measurements on an installation at the KU Leuven, with a 
1 min time resolution. Therefore, seasonal variations in PV power generation are 
included. The profiles are scaled to match the annual generation volume to the annual 
consumption at the selected household. The single-phase regulatory inverter power 
rating limit of 5 kVA is taken into account [279], and a unity PF of 1 is assumed for 
the PV power generation [280]. 
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6.2.3 PEV charging behavior 
The fleet modeling (Chapter 3) is used to create a representative set of PEVs, as 
explained in detail in Section 5.2.3. The same battery capacities (10, 15, and 20 kWh) 
are used here, as well as the same single-phase Mode 3 charger power rating 
𝑃rat
𝑐ℎ  = 3.3 kW. The charging process is modeled in more detail here, by taking into 
account the end-of-charge power limit 𝑃EOC(𝑆𝑂𝐶𝑘) (Figure 6.4), which is based upon 
measurements performed on real vehicles [43]. When the SOC exceeds 92 %, 




Figure 6.4: End-of-charge power limitation. 
 
Three residential charging cases 𝑐 are investigated (Table 6.2) and compared to the 
case without PEVs (𝑐0). The three rule-based charging strategies represent three 
typical charging targets: high comfort, low charging cost, and low grid impact through 
active power management. More advanced charging strategies could be considered, 
but is out of scope here. 
 
Table 6.2: Summary of the charging cases. 
Case 𝒄 Description 
0 No PEVs 
1 Uncoordinated charging 
2 Off-peak charging 
3 PEV-based peak shaving 
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For 𝑐1, the target is to maximize the user’s comfort. Each PEV immediately starts 
charging when it is grid-connected. This case represents the situation without any 
form of controlled charging. For 𝑐1; during each time step 𝑘, the charging power 
𝑃𝑘
1,𝑠𝑒𝑡
 equal to the rated power 𝑃rat
𝑐ℎ  = 3.3 kW: 
𝑃𝑘
1, set = 𝑃rat
𝑐ℎ  (6.3) 
For 𝑐2, the target is to decrease the residential charging cost. Therefore, the PEVs are 
only charged at home during the off-peak tariff period, when the tariff is about 30 % 
lower [287]. In many areas, this tariff occurs when the time 𝑇𝑘 is between 10 pm and 
7 am: 
𝑃𝑘
2, set = {
𝑃rat
𝑐ℎ , 10 pm ≤ 𝑇𝑘 ≤ 7 am
0, 7 am < 𝑇𝑘 < 10 pm
. (6.4) 
At the workplace, the PEVs are still able to charge between 7 am and 10 pm, because 
the charging cost at the workplace might be significantly different from the one at 
home. This rule-based strategy only uses the time of day (𝑇𝑘), known by the onboard 
computer. 
For 𝑐3, the target is to reduce the local grid impact by adapting the active charging 
power, with a strategy that can be implemented without interaction between the end-
user and the grid. PEV-based peak shaving is used (Section 5.2.4.2), adapted here to 
take into account the end-of-charge behavior. The set point 𝑃𝑘
set,3
 is the minimum 
power rating required to get the battery charged in the timespan until the next 
departure ∆𝑇dep, taking into account the upper limit of 𝑃rat
𝑐ℎ  and the end-of-charge 
power limitation 𝑃EOC(𝑆𝑂𝐶𝑘): 
𝑃𝑘
3, set = 𝑓 (𝐸rat
bat, 𝐸𝑘
bat, ∆𝑇dep, 𝑃rat
𝑐ℎ , 𝑃EOC(𝑆𝑂𝐶𝑘)). (6.5) 
As a result, the battery is charged to the same level at the departure time as for 𝑐1. 
This charging strategy uses one driver input: the next departure time. The other 
parameters are already available in the onboard computer. 
For all cases, the end-of-charge power profile 𝑃EOC(𝑆𝑂𝐶𝑘)  limits the effective 
charging power 𝑃𝑘
ch,𝑐
 at SOC values above 92 %: 
𝑃𝑘
𝑐, ch = {
𝑃𝑘
𝑐, set, 𝑆𝑂𝐶𝑘 ≤ 92 %
𝑃EOC(𝑆𝑂𝐶𝑘), 𝑆𝑂𝐶𝑘 > 92 %
. (6.6) 
For the three cases, different capacitive PF values are implemented in the simulations, 
to assess the grid impact of reactive power support during charging. 
106 REACTIVE POWER CONTROL 
 
6.2.4 Simulation approach 
The simulations are conducted for a one-week scenario, resulting in a number of time 
steps 𝑛𝑡 = 10 080, i.e., 𝑘 𝜖 {1, 2, … , 𝑛𝑡}. For each 1 min time step 𝛥𝑇, the evolution of 
𝑆𝑜𝐶𝑘 for each PEV is calculated (Eq. 3.11). The resulting residential PEV charging 
profiles are added to the residential load and generation profile at the respective grid 
nodes. The residential load profiles are constant during the 15′ period. The workplace 
charging profiles are not added, as there are no workplace charging locations in the 
residential grid. The simulations are conducted for a PEV penetration that increases 
in steps of 10 % until 100 %, or until the load flow offers no feasible solution (no load 
flow convergence or exceeding the feeder current constraints). 
For the three cases, this assessment is performed with an increasing ratio 𝑟ch  of 
reactive power injection 𝑄𝑘
𝑐  to active power consumption 𝑃𝑘
𝑐 (𝑄𝑘
𝑐 = 𝑟ch · 𝑃𝑘
𝑐), in steps 
of 10 % until 50 % (𝑟ch = 0, 10, …, 50 %). The resulting PF, apparent power rating 
𝑆ch, and charging current rating 𝐼ch for the PEV chargers are summarized in Table 6.3. 
The increase in power and current requirements stays below 12 %. For Mode 3 
charging infrastructure with an active power rating of 3.3 kW, a 20 A fuse must be 
used anyway, which remains sufficient for all the 𝑟ch values being investigated here. 
 
Table 6.3: Power factor, power rating, and current rating 
for different levels of reactive power injection. 
𝒓ch [%] 0 10 20 30 40 50 
PF [-] 1.000 0.995 0.981 0.958 0.929 0.894 
𝑺ch [kW] 3.30 3.32 3.37 3.45 3.55 3.70 
𝑰ch [A] 16.0 16.1 16.3 16.7 17.2 17.9 
 
Seasonal and intraweek residential load variations, seasonal PV power generation 
variations, and intraweek PEV load variations are taken into account by conducting 
the simulation for a representative one-week scenario for each season. Furthermore, 
the sensitivity of the results to the nodal location of the residential loads is taken into 
account by performing the simulations for ten different permutations of the load 
locations.  
For each permutation, a new random selection of 10 % of the households is chosen to 
be equipped with a PV installation, to take into account the sensitivity of the results 
to their location. Obviously, the yearly energy generation is matched to the household 
load it is assigned to (Section 2.2). Finally, for each permutation, the random selection 
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of the locations for the sequence of the increasing PEV penetration rate is changed, to 
take into account the sensitivity of the results to the specific location of the PEV loads. 
To obtain grid impact results (Section 3.3-3.5), a three-phase unbalanced load flow 
algorithm is implemented in MATLAB. Unbalanced loads are taken into account, as 
well as the resulting LV neutral conductor voltage drop. The backward-forward sweep 
technique is used, because of the radial layout of the grid [282]. The problem is 
converged when the worst time step voltage error 𝜀𝑉 is below 0.1 V. The resulting 
impact of the reactive power injection is compared in terms of LV voltage deviations, 
MV/LV transformer peak load, and grid losses. 
6.3 Results and discussion 
6.3.1 User impact 
The charging metrics (𝐹U, PEV charging energy, and share of charging energy per location) 
are summarized in Table 6.4 for the simulated fleet of 252 PEVs. 
 
Table 6.4: Charging metrics for the fleet of 252 PEVs. 
Charging case 𝑐 {1, 3} 2 
𝐹U [%] 
Min 56.3 52.0 
Mean 87.4 85.3 
Max 100.0 100.0 
PEV charging energy [kWh] 50 674 48 930 
Share of charging energy [%] 
Home 93.5 92.8 
Workplace 6.5 7.2 
 
The values for 𝑐{1,3} are identical, as they provide the same SOC by the next departure 
from a charging location. The 𝐹U  values are lower for 𝑐2 , but the differences are 
small, because the required charging time at home is sometimes shorter than the off-
peak time span. Therefore, for most of the time, the PEV batteries can be fully 
recharged during off-peak during standstill at home. The minimal value of 𝐹U  is 
above 50 % for each case: each of the PEVs covers more than half of its driven 
distances purely electrically. The maximum value of 𝐹U is 100 % for each case: at 
least one PEV always drives purely electrically. 𝐹U values are relatively high, even 
though the battery capacities are relatively limited.  
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Larger battery capacities result in even higher values for 𝐹U, as more distance can be 
covered purely electrically between charging locations. For example, for a doubling 
of the battery capacities (20, 30, and 40 kWh for the three vehicle categories, 
respectively), the minimal and mean 𝐹U values are 77.6 % and 97.3 % for 𝑐{1,3}, and 
76.0 % and 97.0 % for 𝑐2, respectively. This significant increase in battery capacity 
firmly influences the minimum 𝐹U values, but has a more limited impact on the mean 
𝐹U  values, as for most PEVs, this extra battery capacity only has an impact for a 
limited amount of long distance trips. Therefore, it might be more advisable to only 
provide a higher battery capacity to PEVs that are more frequently used for long 
distance trips. 
The PEV fleet charging energy is 50.7 MWh for 𝑐{1,3}, and 48.9 MWh for 𝑐 = 2, for 
the fleet of 252 PEVs during the 4 week simulation. 114 of the 252 PEVs are used at 
least once for work trips. This fraction, i.e., about 45 % of the fleet, is a realistic 
number for a vehicle fleet (Section 3.1). For the three cases, the vast majority of this 
charging energy (>90 %) is provided through residential charging. The share of 
workplace charging is slightly higher for 𝑐2, but the total amount of charging energy 
is lower. As a result, the increase in workplace charging energy is only 225 kWh, as 
the reduction in residential charging energy for 𝑐2 is mainly compensated for by the 
range extender, which translates into the lower 𝐹U values for 𝑐2. 
6.3.2 Charging behavior 
As an example, the impact of the three charging cases on a single PEV is illustrated 
for a 72 h timespan in Figure 6.5. For each case, the charging power at home, at work, 
and the evolution of the SOC are shown. The residential charging power profile is 
similar in shape for 𝑐1 and 𝑐2, but the latter is shifted in time, as the PEV arrives at 
home before the start of the off-peak tariff period. For both 𝑐1  and 𝑐2  the PEV is 
recharged during standstill at home, therefore, the SOC is identical when the PEV 
leaves for the next trip. As a result, the workplace charging power profile is identical 
for both cases, for the 72 h time span (Figure 6.5). 
For 𝑐3, the residential charging power profile significantly differs, as the charging 
process is spread out over the standstill time at home. As a result, the charging power 
magnitude is much lower for 𝑐3 than for 𝑐{1,2}. This results in a slower increase in 
SOC during the charging process and might be considered as a reduction in user 
comfort, as the PEV is only fully charged by the planned departure time. However, at 
the time of leaving a charging location, the SOC is identical as for 𝑐1 (Figure 6.5). 
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Figure 6.5: Charging behavior of a single PEV for the three cases, during a 72 h timespan. 
 
To illustrate the aggregated effect of the charging cases, the charging behavior of the 
total PEV fleet is displayed in Figure 6.6 for the same 72 h time span. The aggregated 
residential charging profile for 𝑐2 differs significantly from the profile for 𝑐1. For the 
latter, the PEVs that arrive at home before 10 pm would immediately start charging. 
However, for 𝑐2 , these PEVs all start at exactly 10 pm. The synchronization of 
residential charging actions results in an increased charging power peak. Each PEV 
will reduce its charging power as much as possible for 𝑐3 , which results in a 
significantly decreased aggregated charging power peak. 
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Figure 6.6: Charging behavior of the entire PEV fleet during a 72 h time span. 
 
The highest mean SOC occurs for 𝑐1 (Figure 6.6), because each PEV is charged as 
soon as possible. For 𝑐2, there are larger variations in the aggregated SOC, because 
the PEVs can only start charging at home after 10 pm. The minimum of the aggregated 
SOC is at 10 pm, when it is lower than for both other cases. Starting from 10 pm, the 
mean SOC increases at a much faster rate than for the other charging cases, due to the 
high amount of PEVs that are charging synchronously at that moment. Finally, 
between 3 and 6 am, the mean SOC is approximately the same as for 𝑐1, because the 
majority of PEVs have sufficient time to fully recharge their battery. For 𝑐3 , the 
aggregated SOC always stays below the profile for 𝑐1, as the SOC during standstill of 
each PEV is lower than or equal to the value for 𝑐1. 
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6.3.3 Grid voltages 
The per-phase instantaneous grid loads differs significantly, due to the single-phase 
grid connection of the houses. Therefore, most residential PV installations and the 
residential PEV charging infrastructure are single-phase as well. These single-phase 
connections induce unbalanced grid loading, resulting in noticeable differences in 
nodal phase voltages. The added value of performing an unbalanced load flow is not 
to underestimate phase voltage deviations. The impact of reactive power injection of 
PEV charging (𝑐1) on the voltage profile is illustrated in Figure 6.7 for an 8 h period, 
for three different houses and for a 50 % PEV penetration. 
 
 
Figure 6.7: Deviation from the rated voltage, for a 50 % PEV penetration. 
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The impact of reactive power injection on the lower voltages is clearly visible, as these 
low voltages are induced by the simultaneous charging of multiple PEVs. The profile 
for house 1 has the lowest voltage deviations, as it is closest to the transformer, 
house 24 is somewhere halfway, and house 42 is the one the furthest away, resulting 
in significant voltage deviations. House 1 is connected to a different phase than 
house 24 and 42, both connected to the same phase. Therefore, the voltage profile for 
house 1 has a different shape. The results in Figure 6.7 illustrate how the impact of 
reactive power injection on the voltage magnitude is quasi-linear at a given moment, 
due to the factor +(𝐼𝑞 ∙ 𝑋). For instance, for house 42 at 22.50, the increase of the 
voltage due to reactive power injection is 0.24 % for 𝑟ch = 0.1, 0.71 % for 𝑟ch = 0.3, 
and 1.17 % for 𝑟ch = 0.5. 
As the 𝐹VU values stay below 2 % for more than 95 % of time, for each of the cases 
and each value of 𝑟ch , only the results for the voltage deviations are shown. The 
highest LV voltage deviations out of the ten conducted permutations are illustrated in 
Figure 6.8, for an increasing 𝑟ch, for a penetration up to 90 %, 50 %, and 100 %, for 
𝑐{1,2,3} , respectively. For higher penetration rates, the feeder current limits are 
exceeded. Also, for 𝑐2 and a PEV penetration of 50 %, 𝑟ch is limited to 0.4, as for 
higher values the feeder current limits are exceeded. 
For 𝑐1 and 𝑟ch = 0, the LV voltage deviations exceed 7.5 % for a PEV penetration 
above 70 %. A residential LV distribution grid sized according to the current criteria 
can already accept a high PEV penetration for uncoordinated charging. For 𝑟ch ≥ 0.3 
(PF ≤ 0.958), the PEV penetration can be further increased up to 90 % without 
exceeding the LV voltage deviation limit of 7.5 %. A higher PEV penetration is not 
possible for 𝑐1, because the feeder current limits are exceeded. Thus, by reducing the 
PF with less than 5 %, the PEV penetration rate for uncoordinated can be increased 
by more than 28 %. 
For 𝑐2 and 𝑟ch = 0, only 20 % PEV penetration can be accepted, otherwise the LV 
voltage deviations exceed 7.5 %, which is due to the PEV charging synchronization 
at the start of the off-peak tariff period. For 𝑟ch  ≥ 0.3, PEV penetration can be 
increased up to 40 % while staying below the LV voltage deviation limit. Thus, by 
reducing the PF with less than 5 %, PEV penetration can be doubled. For 𝑟ch = 0.4 
(PF = 0.929), the PEV penetration rate can even be increased up to 50 %. However, 
this implies that a PF of less than 0.95 would be applied, while this is a typical 
regulatory limit for loads and generation in LV grids. Higher PEV penetration cannot 
be obtained, because the feeder current limits would be exceeded anyway. 
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Figure 6.8: Highest occurring LV voltage deviations. 
 
For 𝑐3, a PEV penetration of 100 % can be accepted, regardless of the value of 𝑟ch, 
because the PEV active power peak is significantly lower than for the other two cases 
(Figure 6.8). Nevertheless, reactive power support also results in significant 
reductions in the LV voltage deviations, especially for high PEV penetration. 
The results indicate a positive impact of reactive power support during PEV charging 
on LV voltage deviations, for each of the three cases. This impact becomes more 
significant for an increasing PEV penetration rate, as reactive power injection 
increases too. Furthermore, the beneficial impact of reactive power support increases 
as the grid impact of the charging case increases. Therefore, the implementation of a 
capacitive PF in PEV chargers is very effective in mitigating the grid impact of PEV 
charging. 
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6.3.4 Transformer peak load 
The highest occurring transformer peak load out of the ten permutations, for each 
charging case and PEV penetration that does not violate the feeder current limits, is 
illustrated in Figure 6.9 for increasing 𝑟ch. For 𝑐1, the transformer rating (400 kVA) 
is exceeded for a 80 % PEV penetration rate. The value of 𝑟ch only has a marginal 
impact. For PEV penetration up to 50 %, the peak load slightly decreases when 𝑟ch 
increases. For higher penetration rates, there is an initial decrease in peak load, 
followed by an increase for higher values of 𝑟ch. 
 
 
Figure 6.9: Highest occurring LV peak load. 
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Low amounts of reactive power injection (𝑟ch ≤ 0.3) have a beneficial effect, as they 
supply the required reactive power to offset the reactive power consumption of the 
LV grid itself, as well as the reactive power consumption of household loads at that 
moment. Higher amounts of reactive power injection (𝑟ch ≥ 0.4) supply more reactive 
power than required, and the surplus flows to the MV grid, thereby increasing the 
transformer peak load. 
For 𝑐2, the transformer peak load is significantly higher than for 𝑐1, given equal PEV 
penetration. The transformer rating is exceeded for a 40 % PEV penetration, 
compared to 80 % for 𝑐1, due to the PEV peak load at the start of the off-peak tariff 
period. However, the impact of the reactive power on the transformer peak power is 
similar. For an increasing value of 𝑟ch, there is an initial small decrease in peak load 
followed by a small increase. The lowest peak load occurs for 𝑐3, as it allows for a 
100 % PEV penetration while staying below the transformer rating. An increasing 
value of 𝑟ch results in an increasing reduction of the peak load. Similar as for 𝑐{1,2}, 
the impact of the reactive power injection on the peak load remains relatively small. 
The LV transformer peak load is an important metric for the DSO, because of 
accelerated transformer ageing. For 𝑟ch ≤ 0.3, there is a beneficial impact on the LV 
peak load for each charging case and for each PEV penetration. Therefore, no 
additional transformer ageing is caused by the implementation of reactive power 
injection in PEV chargers with 𝑟ch ≤ 0.3. 
6.3.5 Grid losses 
The power consumption of the LV distribution grid itself is an operational cost for the 
DSO, which most of the time is recovered through grid tariffs. The ratio of the LV 
grid power consumption to the energy exchange between the households and the LV 
grid is illustrated in Figure 6.10.  
The trends are similar to these for the LV peak load. The highest and lowest losses 
occur for 𝑐2and 𝑐3 , respectively. Furthermore, an increasing 𝑟ch leads to an initial 
small reduction of the grid losses, followed by an increase for 𝑐{1,2} at higher PEV 
penetration. As a result, for 𝑟ch ≤ 0.3, there is no increase in grid losses, and therefore, 
no additional operational costs for the DSO caused by the implementation of reactive 
power injection in PEV chargers. 
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Figure 6.10: Grid losses relative to the household energy flow. 
 
6.4 Grid topology sensitivity 
The results from the previous sections are for one specific urban grid, whereas many 
LV grid layouts occur. Three other real feeder topologies are illustrated in Figure 6.11, 
representing rural, city, and semi-urban grid topologies, respectively. The main 
characteristics are summarized in Table 6.5.  
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Figure 6.11: Other representative residential LV grid topologies. 
 
Even though the three grids are significantly different, the R/X ratio between the house 
connection point and the MV grid is within the same range for each of them 
(1.0 < R/X <3.5), due to the interaction between the impedances of the feeders 
(primary and secondary) and the distribution transformer. In densely populated areas, 
cables with a relatively large cross section (R/X < 5) are used, in order not to exceed 
the current and voltage constraints, which are connected to relatively large distribution 
transformers. For rural areas, cables with a smaller cross section (5< R/X < 10) are 
connected to smaller transformers. 
The lower R/X ratio for larger cable cross sections is mainly due to the lower specific 
R value, as the specific X value barely changes for increasing cable cross-sections. As 
a result, the voltage rise due to reactive power injection +(𝐼𝑞𝑋) is approximately the 
same for different cross sections, for a given feeder length. The transformer 
impedance is mainly inductive and relatively high, characterized by their relative 
short-circuit voltage 𝑢𝑠𝑐.  
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Table 6.5: LV grid parameters. 
Grid LV1 LV2 LV3 
Type Rural City Semi-urban 
Cable type Primary BuAl-4 × 70 mm2 
(areal bundled cable) 
Al-4 × 150 mm2 
(underground cable) 
Secondary Cu-4 × 16 mm2 (35 mm2 at 2th last node LV2) 
𝑰max [A] Primary 245 315 
Secondary 120 (175) 
𝒁cable [Ω/km] Primary 0.551 + 0.088i 0.206 + 0.078i 
Secondary 1.15 + 0.083i (0.524 + 0.081i) 
# loads/feeder 20 39 62 
Parallel 
feeders 
# Added feeders 4 3 5 
Length [m] 250 250 300 
Total # LV loads 100 156 372 
𝑺tr [kVA] 160 250 630 
𝒁tr [Ω] 0.012 + 0.038i 0.008 + 0.024i 0.003 + 0.010i 
R/X 1.24 – 3.04 1.64 - 1.92 1.38 – 2.41 
 
Typically for distribution transformers (Str< 630 kVA) , 𝑢𝑠𝑐= 4 - 6 % . For the 
MV/LV transformers discussed here, 𝑢𝑠𝑐 = 4 %, in order not to overestimate the grid 
supportive impact of the reactive power control strategy. The city grid topology is also 
used in Chapter 5, the urban, city, and semi-urban grid topologies in Chapter 7. 
However, in those chapters, 𝑢𝑠𝑐 = 6 %, as a conservative approach for the amount of 
distribution grid resistance, in order not to underestimate the voltage impact of PEV 
charging. 
For a given 𝑢𝑠𝑐 , smaller transformers have a higher reactance than larger ones 
(𝑋𝑡𝑟~1 𝑆𝑡𝑟⁄ ), as the fault current limit for the former is smaller than for the latter. 
Therefore, rural grids have a higher resistance (due to the smaller cable cross-
sections), and a higher reactance (due to the higher transformer reactance), compared 
to urban grids. The resulting voltage drop due to active power offtake −(𝐼𝑑𝑅) is larger 
for rural grids, but the voltage rise due to reactive power injection +(𝐼𝑞𝑋) is also 
higher, compared to urban grids. Therefore, the total R/X values are in the same order 
of magnitude. 
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The results for LV1 are illustrated in Figure 6.12 for 𝑐1, the grid with the highest R/X 
ratios. The simulation approach and assumptions are identical as in Section 6.2. The 
voltage deviation constraints are exceeded for a PEV penetration above 20 %, as the 
grid is already operating close to its limits without PEVs. The feeder current 
constraints would be exceeded too for a PEV penetration above 20 %. Therefore, a 
grid infrastructure upgrade is required for PEV penetration rates above 20 %. 
However, even though the primary feeder has an R/X ratio of 6.26, the impact of 
reactive power support is still significant, due to the high reactance of the distribution 
transformer, and the reactance of the feeders. This shows that reactive power injection 
(PF > 0.95) during PEV charging is an effective measure. 
 
 
Figure 6.12: Impact of PEVs on LV1. 
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6.5 Conclusions 
The implementation of a capacitive PF for PEV charging provides several benefits for 
the distribution grid. The voltage deviations in LV grids reduce for an increasing 
amount of reactive power injection, resulting in an increased PEV hosting capacity 
for uncoordinated charging and for off-peak residential charging. As a result, LV 
feeder upgrading investments are deferred. For PEV-based peak shaving, the LV grid 
can already host 1 PEV for each household (i.e., a 100 % PEV penetration rate) for a 
unity PF, but there are still significant LV voltage deviation reductions due to the 
reactive power injection of PEV chargers. 
The provision of PEV chargers with a capacitive PF ≥ 0.95 barely influences the 
MV/LV transformer peak load, compared to unity PF. Therefore, it does not induce 
any increased transformer aging, for any of the charging strategies investigated here. 
The implementation of a capacitive PF ≥ 0.95 in PEV chargers does not advance 
transformer upgrade investments, but it also does not postpone them. To obtain the 
latter, a peak shaving charging strategy is required, for instance PEV-based peak 
shaving. For a capacitive PF ≥ 0.95, the grid losses are not higher compared to a unity 
PF, for each of the charging strategies. Reactive power injection of PEV chargers does 
not increase the operational costs for the DSO. Similar as for the MV/LV transformer 
peak load, a peak shaving strategy is required to reduce grid losses. 
From the DSO point of view, a capacitive PF ≥ 0.95 for PEV chargers is beneficial, 
as it allows deferring infrastructure investments in residential LV distribution grids. 
Even though the active power control strategies have a vastly more significant grid 
impact than reactive power injection, its impact is beneficial for the three active power 
control strategies discussed. Moreover, the beneficial grid impact of reactive power 
injection increases for an increasing PEV penetration and for active power control 
strategies that lead to high peak loads. Thus, when the grid impact of PEV charging 
is high, the beneficial impact of a capacitive PF is high as well, thereby making it an 
effective means for grid impact mitigation of PEV charging. 
From the PEV user point of view, a capacitive PF has no impact on the charging 
behavior, opposed to the active power control strategies, if the PEV chargers are 
adequately sized for the higher required apparent power requirement. For a capacitive 
PF ≥ 0.95, the required PEV charger apparent power rating needs to be increased by 
less than 5.5 %. This limited increase in power and current requirements does not 
require an upgrade of the charging infrastructure, as it falls well within the safety 
margins of the infrastructure sizing. Otherwise, for an equal apparent power, the 
charging time would only increase by less than 5 %, which only has a limited 
marginally impact on the user comfort.  
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Given the considerable benefits, it should be considered to include capacitive power 
behavior in the grid compliance requirements for PEV chargers. The efficacy of 
voltage support through reactive power injection is strongly dependent on the R/X 
ratio, as a high ratio results in a low efficacy and vice versa (Eq. 6.1 and Figure 6.1). 
Even though the R/X ratio for feeders with different cross section can significantly 
differ, the total R/X ratio between the grid connection and the MV grid is similar for 
the different grid topologies, as the MV/LV transformer impedance is not negligible. 
It is up to the stakeholders to determine which is the most suitable PF to include in the 
grid compliance requirements, as a lower PF leads to decreased voltage deviations, 
but trade-offs include increased PEV charger power ratings, increased grid losses, and 
increased LV peak loads, for PF < 0.95. 
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7. Fast charging 
The combined LV and MV residential grid impact is investigated for slow and fast 
PEV charging, for an increasing local penetration and for different residential slow 
charging strategies. A realistic case study is used, for which three residential slow 
charging strategies are modeled: uncoordinated charging, residential off-peak 
charging, and PEV-based peak shaving. For each slow charging strategy, the PEV 
hosting capacity is determined, with and without the possibility of fast charging, while 
keeping the grid within its operating limits. 
The content of this chapter has been based on the peer-reviewed paper: 
 N. Leemput, F. Geth, J. Van Roy, P. Olivella-Rosell, J. Driesen, and 
A. Sumper, “MV and LV residential grid impact of combined slow and fast 
charging of electric vehicles,” Energies (Special Section on “Electrical Power 
and Energy Systems for Transportation Applications”), vol. 8, no. 3, pp. 1815-
1822, March 2015. 
The chapter is structured as follows. The background on fast charging infrastructure 
for PEVs is discussed in Section 7.1. The used materials and methods are explained 
in Section 7.2. The results are discussed in Section 7.3, followed by the conclusions 
in Section 7.4. 
7.1 Background 
7.1.1 Complementarity of slow and fast charging  
Due to the typically long standstill times at home and at the workplace [128], and the 
low average daily driven distances [288], a low charging power at these locations is 
sufficient to fulfill the majority of the mobility needs, thereby keeping the charging 
infrastructure investments low. Typically, Mode 2 or Mode 3 charging, as defined in 
the IEC 61851-1 standard [104] and discussed in Section 2.3, are used to charge PEVs 
at their standstill locations. The standstill times at charging locations exceed the 
required charging time for the vast majority of the mobility requirements, as discussed 
in Section 3.4. As a result, the majority of mobility requirements can be met with low 
power charging infrastructure. 
For occasional long-distance trips, fast charging is a necessary addition to slow 
charging, to allow for long-distance electric driving. The implementation of fast 
charging networks that cover large contiguous regions make BEVs a viable alternative 
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for conventional vehicles [59], [63]. The power rating for fast chargers vary from 
50 kW [63] up to 120 kW [59], which allows to recharge PEVs within an acceptable 
time span, typically within half an hour. Multistandard fast chargers provide 
compatibility with the different types of fast charging standards used nowadays [63]. 
For fast charging, two typical infrastructure configurations are used. The first one is a 
network of single- or dual-outlet fast chargers that allow to reach the next fast charger. 
This is a configuration for the initial rollout of fast charging infrastructure [289]. The 
fast chargers are connected to the local LV grid, and therefore, the grid impact will 
strongly depend on the local situation, e.g., being connected to the distribution 
transformer through a separate or an existing feeder. 
In the second configuration, fast charging stations with multiple fast chargers (≥ 4) 
are located next to the busy traffic arteries. These stations resemble conventional 
highway refueling stations in their setup, and are typically commercially 
operated [63], or they are dedicated to one specific brand [59]. Because the total 
power rating of such stations is in the order of magnitude of a typical European 
residential LV grid (≥ 200 kVA), they are connected to the medium voltage (MV) grid 
through a dedicated transformer. 
7.1.2 Research on fast charging infrastructure 
Several aspects of fast charging are investigated in the literature: economic, 
infrastructure usage optimization, MV grid impact, and power electronic converter 
design. An economic analysis on fast charging infrastructure is performed for 
Germany [290] and China [291]. For both countries, it is concluded that fast charging 
infrastructure is hardly profitable with the present energy pricing and battery costs, 
and a high PEV penetration is required for a profitable exploitation [290]. Both [290] 
and [291] do not use a time-based fast charging scenario in their modeling, as this is 
not the scope of an economic analysis. 
Traffic modeling is used to determine the fast charging demand in space and time 
in [292]. The optimization of PEV charging scheduling for highway fast chargers is 
discussed in [293] and [294]. The time-based occupation of the fast charging stations, 
and the variation of the PEV battery state of charge at the start of the highway trip are 
based on a mathematical distribution, not on mobility behavior or slow charging 
behavior. 
The MV grid impact of fast charging stations is discussed in [295]-[297]. A static 
worst-case load scenario is modeled in [295], assuming all fast chargers are used 
simultaneously at their rated power. Time-based vehicle arrival pattern of 
conventional refueling stations are used in [296], and time-based road occupation 
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profiles are used in [297], to model the demand for fast charging. No slow charging 
behavior is taken into account, and in [296] and [297] it is assumed that the PEVs 
continuously draw the rated fast charging power. Voltage unbalance, due to single-
phase loads connected to the MV grid, besides the three-phase fast charging 
infrastructure, is not taken into account. 
The electric and power electronic design of fast chargers is discussed in [298] 
and [299]. As these components need to be sized for the peak load, a worst-case 
scenario for the fast charging demand is used. The design of a fast charging station 
with local energy storage and local photovoltaic power generation is discussed 
in [300]. The fast charging demand is based upon mobility behavior and takes into 
account residential slow charging. The load flow is not assessed, because the scope is 
on sizing the fast charging station and the power flow between its components. 
7.1.3 Scope 
To the best of the authors’ knowledge, neither the combination of slow nor fast 
charging, nor the combined MV and LV grid impact assessment are investigated in 
the literature. Both slow and fast charging behavior are modeled here, because they 
interact, thereby influencing the MV and LV grid impact, as both network levels 
influence each other. A realistic distribution grid topology and scenario are used here: 
realistic single-phase household load profiles and measured photovoltaic (PV) power 
generation profiles. The PEV charging behavior is based upon Flemish mobility 
behavior and passenger vehicle fleet composition.  
Three residential slow charging strategies are compared in terms of their PEV hosting 
capacity, with and without the presence of fast charging. Fast charging is modeled to 
supplement slow charging at home and the workplace, when the battery capacity is 
insufficient to fulfill the mobility requirements otherwise. The fast charging 
infrastructure is assumed to consist of charging stations with multiple fast chargers, 
sized to fulfill the fast charging demands in the area it covers. The fast charging 
stations are connected to the MV grid through a dedicated transformer. 
7.2 Materials and methods 
7.2.1 Distribution grid data 
Three (semi-) urban feeder topologies are used to model three residential LV grids 
(Figure 7.1 and Table 7.1). The grid modeling is explained in detail in Section 5.2.1. 
These three feeders, which are also used in Chapter 6 (Section 6.4), are connected to 
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three different MV/LV transformers with three common power ratings: 250, 400, and 
630 kVA. Also for these grids, simplified parallel feeders are added [283] (Table 7.1). 
 
 
Figure 7.1. LV grid topologies. 
 
The transformer taps are set at 1 pu. A higher tap could be selected to increase the 
lowest occurring voltages, which would reduce the impact of PEV charging on voltage 
deviations. However, this would also increase the highest occurring voltages, as no 
on-load tap changers are used at MV/LV transformers. This can cause overvoltages at 
moments of high residential PV generation [301]. Therefore, the taps are chosen at 
1 pu here, to provide a realistic scenario for a residential distribution grid with PV 
power generation. Different tap settings would obviously influence the results, but 
qualitatively the comparative analysis remains the same.  
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Table 7.1: LV grid parameters. 
Grid LV1 LV2 LV3 
Cable 
type 
Primary Al-4x95 mm2 Al-4x150 mm2 
Secondary Cu-4x16 mm2 (35 mm2 at 2th last node LV2) 
𝑰max  
[A] 
Primary 245 315 
Secondary 120 (175) 
𝒁cable  
[Ω/km] 
Primary 0.320+0.078𝑖 0.206+0.078𝑖 
Secondary 1.15+0.083𝑖 (0.524+0.081𝑖) 
# nodes/feeder 42 29 62 
# loads/feeder 42 39 62 
Parallel 
feeders 
# Added feeders 5 3 5 
Length [m] 250 250 300 
Total # LV loads 252 156 372 
𝒁tr [Ω] 0.008+0.029𝑖 0.013+0.045𝑖 0.004+0.020𝑖 
 
The three LV grids are each used three times, together with the fast charging station 
(FCS), to connect to a MV feeder with 9 nodes (Figure 7.2). As a result, a total of 
2340 household loads are connected to the MV feeder. The rated MV line-to-line 
voltage is 11 kV, and the distance between each node is 600 m. This is a realistic 
urban MV feeder topology [66], where MV grids are operated in an open-ring 
topology with few or absent laterals [302]. The MV cable is a three-core armored 
aluminum conductor, i.e., Al 11 kV-3x95 mm2, with an impedance of 
0.411+0.105𝑖 Ω/km, and a current rating of 200 A [303]. 
 
 
Figure 7.2: MV grid topology to which the LV grids and 
the fast charge station (FCS) are connected. 
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The end-user distribution grid voltages should stay within the operation limits of the 
EN50160 standard [73], as discussed in Section 2.4.3 for the voltage magnitude and 
voltage unbalance, respectively. In the planning and design phase, the goal is to keep 
the grid voltage magnitude deviations within the 10 % range (Eq. 2.1). During 
measurements in the field, a 15 % deviation for under voltage is allowed for 5 % of 
time on a weekly base (Eq. 2.2). Thus, for the simulation-based grid impact 
assessment that is conducted here, the limits of Eq. 2.1 are applicable. If the voltage 
deviations exceed the grid constraints, the DSO will have to invest in grid 
reinforcements. For instance, the LV feeder will (partially) be upgraded to a larger 
cross section. 
The voltage magnitude and unbalance constraints, together with the feeder current 
constraints, determine how much PEV charging load the distribution grid can accept, 
additional to the residential load and the PV power generation. As a result, these 
constraints determine the PEV hosting capacity. The transformer power rating is not 
a hard real-time constraint (Section 2.4.3). Therefore, the impact of both slow and fast 
PEV charging are discussed in Section 7.3.5. 
7.2.2 Residential load and generation 
A residential electric load profile generator is used to create a statistically 
representative set 𝐻𝑜 of single-phase Flemish household electric power consumption 
profiles ℎ, with a 15 min time resolution, as discussed in detail in Section 6.2.2. Here, 
a unity PF is assumed for the household loads, because reactive power is not includes 
in the profile generator, and the impact of reactive power behavior is discussed in 
detail in Chapter 6.  
Similar to Chapter 6, a PV installation is randomly assigned to 10 % of the houses. 
The random assignment of the PV installation locations on the detailed feeders, is 
done to take into account the locational sensitivity of their grid impact. In Appendix C, 
the specific location are summarized (Table C.1). Also here, the profiles are based 
upon full-year measurements, and they are scaled to match the annual generation 
volume to the annual consumption at the selected household. The single-phase 
regulatory inverter power rating limit of 5 kVA is taken into account [279], and a unity 
PF of 1 is assumed for the PV power generation [280]. 
7.2.3 PEV charging behavior 
The fleet modeling (Chapter 3) is used to create a representative set of PEVs, as 
explained in detail in Section 5.2.3. For slow charging, the same single-phase Mode 3 
charger power rating 𝑃rat
𝑐ℎ  = 3.3 kW is used as in Chapter 5 and 6, and the same end-
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of-charge power limit 𝑃EOC(𝑆𝑂𝐶𝑘)  as in Chapter 6 (Figure 7.3). The three slow 
charging cases 𝑐  (Table 7.2) are compared to the case without PEVs (𝑐0 ). These 
strategies are explained in detail in Section 6.2.3, and represent three typical charging 
objectives: high comfort (uncoordinated charging), low charging cost (off-peak 
charging), and low grid impact (PEV-based peak shaving). Each slow charging case 
is simulated (a) without and (b) with fast charging. The PEVs are modeled as EREVs 
for the cases without fast charging (as in Chapter 5 and 6), while they are modeled as 
BEVs for the cases with fast charging. The battery capacities are doubled in this 
chapter (20, 30, and 40 kWh), to provide a realistic scenario for the fast charging 
requirements of BEVs. 
 
 
Figure 7.3: Charging power limit for slow charging (left), and for active (solid line) and 
reactive (dashed line) power profile for fast charging (right). 
 
Table 7.2: Summary of the slow charging cases. 
Case 𝒄 Description 
0 No PEVs 
1a Uncoordinated charging without fast charging 
1b Uncoordinated charging with fast charging 
2a Off-peak charging without fast charging 
2b Off-peak charging with fast charging 
3a PEV-based peak shaving without fast charging 
3b PEV-based peak shaving with fast charging 
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The fast charging demand is modeled as discussed in [300]. The PEVs interrupt their 
trip if the SOC goes below the threshold value 𝑆𝑂𝐶(𝑡ℎ), chosen uniformly between 
20 and 30 % for each trip: 𝑆𝑂𝐶(𝑡ℎ) 𝜖 {20 %…30 %}, to take into account that a PEV 
is not exactly located at a fast charging station when the SOC reaches the 20 % limit. 
When fast charging occurs, it is assumed that the battery will be fast charged up to 
80 % SOC. The fast charging power profile 𝑃FC(𝑆𝑂𝐶𝑘), as illustrated in Figure 7.3, 
is based upon real measurements [43]. Point A and point F coincide with 𝑆𝑂𝐶(𝑡ℎ) 
and point 80 %, respectively. As a result, depending on 𝑆𝑂𝐶(𝑡ℎ), points B to E occur 
at a different SOC values (Table 7.3). 
 
Table 7.3: Calculation of the SOC values for the fast charging profile. 
Point SOC value 
A 𝑆𝑂𝐶(𝑡ℎ) 
B 𝑆𝑂𝐶(𝑡ℎ) + ((𝑆𝑂𝐶(𝐹) − 𝑆𝑂𝐶(𝑡ℎ)) ∙ (1 15⁄ )) 
C 𝑆𝑂𝐶(𝑡ℎ) + ((𝑆𝑂𝐶(𝐹) − 𝑆𝑂𝐶(𝑡ℎ)) ∙ (1 5⁄ )) 
D 𝑆𝑂𝐶(𝑡ℎ) + ((𝑆𝑂𝐶(𝐹) − 𝑆𝑂𝐶(𝑡ℎ)) ∙ (2 3⁄ )) 
E 𝑆𝑂𝐶(𝑡ℎ) + ((𝑆𝑂𝐶(𝐹) − 𝑆𝑂𝐶(𝑡ℎ)) ∙ (5 6⁄ )) 
F 80 % 
 
Reactive power injection 𝑄FC  of fast chargers into the grid is included in the 
simulations [43]. The reactive power injection decreases in 4 discrete steps, as a 
function of the active fast charging power that is drawn. This capacitive behavior is 
implemented in the fast charger by the manufacturer, as a way to reduce the voltage 
drop induced by the fast charger. 
7.2.4 Simulation approach 
The simulations are conducted for a one-week scenario, resulting in a number of time 
steps 𝑛𝑡  = 10 080, i.e.,  𝑘 𝜖 {1, 2, … , 𝑛𝑡} . The scenario is conducted for a week 
representative for the first quarter of the year, because this is the period of the year 
when high grid loads occur in Northwestern Europe. Therefore, the grid constraints 
are exceeded the soonest when additional load, due to PEV charging, is added. The 
simulations are conducted for a PEV penetration increasing in steps of 10 % up to 
100 %, or until the load flow offers no feasible solution. In Appendix C, the LV feeder 
locations of the PEVs added for each step are summarized (Table C.2). The locations 
are diversified, to take into account the locational sensitivity of the results. 
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For each 1′ time step 𝛥𝑇, the evolution of 𝑆𝑂𝐶𝑘 for each PEV is calculated (Eq. 3.11). 
The resulting residential PEV charging profile is added to the residential load and 
generation profile at the respective LV grid nodes. The residential load and generation 
profiles are kept constant for 15′. The aggregated fast charging load is added to the 5th 
node on the MV grid through a separate MV/LV transformer (Figure 7.2). No 
workplace charging locations are assumed in this residential grid.  
To obtain grid impact results, a three-phase unbalanced load flow algorithm is 
implemented in MATLAB. Unbalanced loads are taken into account, as well as the 
resulting LV neutral conductor voltage drop. The backward-forward sweep technique 
is used, because of the radial layout of the grid [282]. The problem is converged when 
the worst time step voltage error 𝑒𝑉 is below 0.1 V. All loads are modeled as constant 
power loads with unity power factor, except for the fast chargers, injecting a reactive 
power 𝑄FC(𝑆𝑂𝐶𝑘) during fast charging (Figure 7.3). 
For each charging case, the PEV hosting capacity is calculated, which is the highest 
PEV penetration rate that can be achieved without exceeding the feeder current 
constraints and the grid voltage constraints. 
7.3 Results and discussion 
7.3.1 User impact 
To assess the dependency of the PEVs on their range extender for the cases without 
fast charging, the utility function 𝐹U  is used [7]. Obviously, 𝐹U  is 100 % for each 
PEV when fast charging is possible, given that the fast charging stations have a 
sufficient geographical distribution. For all cases without fast charging, the maximum 
𝐹U is 100 %, i.e., there is at least one vehicle in the fleet of 2,340 PEVs that will drive 
purely electrically during the simulated week. For 𝑐{1a, 3a}, the minimal and mean 𝐹U 
are 84.2 % and 96.7 %, respectively. The values are identical for both cases, because 
they provide the same SOC by the next departure time. For 𝑐2a, it has a marginally 
lower minimal and mean 𝐹U  (82.6 % and 96.2 %). The difference compared to 
𝑐{1a, 3a} is very small, because the charging time is usually well below the standstill 
time within the off-peak time span. 
The total required electric driving energy for the PEVs is 171 MWh, for the fleet of 
2340 PEVs during the one-week simulation period. This accounts for the energy being 
delivered to the PEV batteries, by slow and fast charging for the b-cases, and by slow 
charging and the range extender for the a-cases. The share of charging energy at the 
different locations is summarized in Table 7.4. The majority of PEV charging occurs 
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at home, while workplace charging only accounts for 5.6 % to 6.7 % of the charging 
energy, due to the low average distance between home and the workplace. For 𝑐2, the 
slightly higher share in workplace charging energy is due to the limitation of the 
charging time at home. Therefore, sometimes the PEV is not fully charged when 
leaving home to go to work. As a result, more charging energy is delivered at the 
workplace. 
 
Table 7.4: Share of charging energy for the different locations. 
Case 𝒄 1/3a 1/3b 2a 2b  
Home (slow) 94.0 83.3 93.3 81.1 
[%] Work (slow) 6.0 5.6 6.7 6.0 
Fast / 11.1 / 12.9 
 
Fast charging delivers 11.1 % up to 12.9 % of the charging energy, depending on the 
slow charging case. The presence of fast charging mainly reduces the share of 
residential charging energy, as can be seen when comparing the shares of charging 
energy at home of the a-cases with the b-cases. The share of fast charging energy 
strongly depends on the assumptions being made. 
In theory, fast charging could be used to charge the batteries exactly up to the SOC 
required to reach the next charging destination, instead of charging up to 80 % by 
default. Also, if the fast charging infrastructure would be perfectly spread out, each 
PEV would reach a fast charge station when their battery SOC reaches the 20 % 
threshold value. Under these theoretical assumptions, the share of fast charging energy 
would equal the share of energy being delivered by the range extenders for the cases 
without fast charging, i.e., 3.3 % for 𝑐{1b, 3b}, and 3.8 % for 𝑐2b. Furthermore, larger 
battery capacities will also decrease the need for fast charging. For example, a 
doubling of the battery capacities decreases the share of fast charging energy to 2.3 % 
for 𝑐{1b, 3b}, and 3.2 % for 𝑐2b. 
7.3.2 Charging behavior 
As a detailed illustration of the differences in charging behavior, the charging profile 
for a single PEV is shown in Figure 7.4 for a 17 h timespan, for 𝑐{1b, 2b, 3b}. Also, the 
evolution of the SOC is shown. The fast charging profiles are identical for the three 
cases, while the residential charging profiles are different. The latter is similar in shape 
for 𝑐1b  and 𝑐2b , but shifted in time. For 𝑐1b , the charging process at home starts 
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immediately when the PEV arrives there (around 21:15), while for 𝑐2b, it starts at 
22:00, when the off-peak tariff period starts. For 𝑐3b , the charging also starts 
immediately when arriving at home, but with charging power significantly reduced, 
because in this example, there is a long standstill time at home before the next 
departure (> 15 h). As a result, the SOC rises more slowly for 𝑐3b than for 𝑐{1b, 2b}. 
This clearly illustrates how the slow charging profiles are significantly affected by the 
applied charging strategy. 
The aggregated grid impact of the PEV charging behavior is illustrated for a 40 % 
PEV penetration (936 PEVs), for a 12 h timespan (Figure 7.5). The highest residential 
charging peak occurs for 𝑐2b, which results in the highest MV feeder load, due to the 
synchronization effect that occurs at the start of the off-peak tariff period, which does 
not occur for 𝑐1b, because the distribution of the arrival at home of PEVs. The lowest 
peak power occurs for 𝑐3b , resulting in the lowest MV feeder load, due to the 
combination of the spread on the PEV arrival times at home, the SOC when arriving 
at home, and the time until the next departure. Therefore, there is a spread on the 
charging time and charging power, significantly reducing the peak load (Figure 7.5). 
 
 
Figure 7.4: Fast (left) and slow (right) charging profiles (top), 
and the evolution of the state of charge (bottom). 
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Figure 7.5: Load impact for a 40 % PEV penetration rate. The white surface 
in the bottom figure represents the non-PEV residential load. 
 
The fast charging profiles are identical for 𝑐1b and 𝑐3b, as the SOC for both cases is 
identical at the time of departure. As a consequence, the SOC profiles are identical 
during driving, so there is an identical need for fast charging for both cases. The fast 
charging profile is different for 𝑐2b, but it has similar peak values, as the need for fast 
charging is only slightly higher (Table 7.4).  
The fast charge peak load is significantly lower than the residential slow charging 
peak, as it only accounts for a small share of the charging actions. Therefore, the grid 
impact of the slow charging strategy is more significant than the presence of fast 
charging. The aggregated fast charging infrastructure occupation and the resulting 
power consumption peaks during the evening traffic peak [300], but in contrast to 
conventional petrol station occupation, there is no peak during the morning traffic 
peak, as the PEVs charged at home overnight. 
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7.3.3 PEV hosting capacity 
The impact of the PEV load on the grid per-phase nodal voltages is illustrated in detail, 
for a one-hour time period between 19 h and 20 h, for 𝑐1b , with a 40 % PEV 
penetration (Figure 7.6). The per-phase MV feeder load and the resulting per-phase 
voltages at the 9th node of the MV feeder are shown. The per-phase LV grid load at 
the 9th MV node are illustrated, as well as the nodal voltages at the LV node the 
farthest away from the MV/LV transformer (node 62 of feeder topology LV3) that is 
connected to the 9th MV node. 
The fast chargers each have a three-phase grid connection, therefore they act as a 
balanced grid load. The unbalanced residential loads and PV power generation result 
in noticeable differences in the nodal phase voltages. The difference in the per-phase 
voltage magnitudes exceeds 0.01 pu at the 9th node of the MV feeder, and they exceed 
0.05 pu at the 62th node of the LV feeder. This illustrates the added value of 
performing an unbalanced load flow (as will be discussed below), otherwise the 
voltage deviations are underestimated when assuming a balanced situation at the 
MV/LV interface. As a result, the PEV hosting capacity would be overestimated. 
 
 
Figure 7.6: Per-phase load profiles (left) and voltage magnitudes (right), at the last 
MV node (top) and the last LV node (bottom), for 𝑐1𝑏  with a 40 % PEV penetration. 
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For each charging case 𝑐, the PEV hosting capacity is calculated as the maximum 
PEV penetration rate 𝑅MAX
PEV  that can be accepted, while not exceeding the grid voltage 
and feeder current constraints. The resulting PEV hosting capacity for the charging 
cases are summarized in Table 7.5. For each case considered, the voltage magnitude 
constraints (Eq. 2.1) are the most stringent. The cases without fast charging result in 
an equal or higher 𝑅MAX
PEV  than ones with fast charging. However, the differences are 
limited to only 10 percentage points, which is equal to only 1 step of increase in the 
PEV penetration rate. This is due to the limited share of fast charging in the charging 
behavior of the PEVs, while residential charging accounts for the vast majority of 
charging actions. 
 
Table 7.5: PEV hosting capacity [%]. 
Case 𝒄 1a 1b 2a 2b 3a 3b 
𝑹MAX
PEV  80 70 50 40 100 100 
 
𝑅MAX
PEV  is more influenced by slow charging than whether or not fast charging occurs, 
as differences up to 60 percentage points occur. These results show that the additional 
grid impact due to the presence of fast charging can easily be compensated for by the 
implementation of a more grid-friendly residential charging strategy. For instance, by 
incentivizing PEV users to start charging immediately when arriving at home 
(𝑐{1a, 1b})  instead of waiting until the off-peak tariff period starts (𝑐{2a, 2b}) , a 
significantly higher 𝑅MAX
PEV , even if fast charging is possible. This is due to the 
synchronization effect of PEV charging at the start of the off-peak tariff period for 
𝑐{2a, 2b}, creating a peak in the power demand.  
This off-peak PEV charging synchronization creates a voltage drop that negates the 
beneficial effect of shifting the charging load away from the time of the residential 
peak demand. An even higher 𝑅MAX
PEV  is possible when PEV-based peak shaving is 
applied (𝑐{3a, 3b}), as it allows for a 100 % PEV penetration rate for the scenario 
discussed here, whether or not fast charging occurs. Therefore, when the local PEV 
penetration rate increases to significant levels, the PEV users should be incentivized 
to charge in a more grid-friendly manner, as this can allow for a substantially higher 
PEV hosting capacity with the same grid infrastructure. 
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7.3.4 Fast charging requirements 
The fast charging power peak and the one percent peak (OPP) value are illustrated in 
Figure 7.7 for PEV penetration rates up to 𝑅MAX
PEV . The OPP is the value above which 
only 1 % of the values are situated. For 𝑐1b and 𝑐3b, the values are identical for fast 
charging, but the values for penetration rates above 70 % are only applicable for 𝑐3b, 
as this is the 𝑅MAX
PEV  for 𝑐1b. For 𝑐2b, the values only marginally differ from those of 
the other two cases, as the fast charging requirements are very similar.  
The OPP for fast charging power is significantly smaller than the peak value, as the 
maximal fast charging power is only drawn for a short period and quickly declines as 
the SOC increases (Figure 7.3). Therefore, the MV/LV transformer that connects the 
fast charging station to the MV grid, might be sized for a power rating smaller than 
the expected peak value, as this value only occurs for a very short time. 
As 19 fast chargers are needed to cover the peak occupation, but 16 fast chargers are 
sufficient for the OPP, it might be more efficient to allow for a limited waiting time 
during peak situations, to avoid investing in additional chargers. Furthermore, this 
would lower the grid impact of the fast charging infrastructure. These results are in 
line with [300], where the number of fast chargers is reduced by 40 %, resulting in 
waiting times below 10′ for 99.7 % of time. 
 
 
Figure 7.7: Peak values and one percent peak (OPP) for the fast charging load (left), 
and fast charger occupation (right). 
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For an increasing PEV penetration (from 10 % to 100 % for 𝑐 = 3𝑏), the ratio of fast 
chargers to PEVs lowers significantly: from 3 % to 0.9 % for the peak value, and from 
1.7 % to 0.7 % for the OPP. This means that there is a need for one fast charger for 
each 111-142 PEVs, when there are sufficient PEVs on the roads This number can be 
compared to the ratio of fuel stations per car in Europe, which varies from 1/1500 
(Luxembourg) to 1/3500 (Germany) stations per vehicle [304]. Thus, for a fast 
charging infrastructure with the same spatial spreading as the current fueling 
infrastructure and a 100 % PEV penetration rate , the fast charging infrastructure 
would consist of stations with on average 11-25 fast chargers to cover the OPP, or 
with on average 14-32 fast chargers to cover the peak value. 
An increase in PEV battery capacity would decrease the ratio of fast chargers to PEVs 
significantly, because the share of fast charging increases significantly when the PEV 
battery increases (Section 3.1). For the cases discussed here, a doubling of the PEV 
battery capacities would reduce the peak value and the OPP value for the ratio to 0.4 % 
and 0.3 %, for a 100 % PEV penetration. The resulting fast charging infrastructure 
would consist of stations with on average 5-11 fast chargers to cover the OPP, or on 
average 6-14 fast chargers to cover the peak value. These results show that the fast 
charging infrastructure needs to be extensive, even though it only account for a 
minority of the charging actions, as fast charging fuels a vehicle more slowly than a 
fuel pump. 
7.3.5 Peak load 
The MV distribution feeder peak load, and the highest MV/LV residential grid 
transformer load are shown in Figure 7.8. The presence of fast charging reduces the 
LV residential peak load, but only slightly, as the presence of fast charging only 
accounts for a limited amount of the charging energy. Fast charging increases the peak 
load on the MV feeder. These opposing trends show how the presence of fast charging 
substitutes a fraction of the home charging actions. However, the difference in grid 
impact between the three slow charging cases is substantially larger than the 
difference between the situation with or without fast charging. Therefore, the 
increased grid impact of fast charging can be mitigated in an effective manner by 
implementing a grid-friendly slow charging strategy. 
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Figure 7.8: Highest MV/LV transformer peak load (left) and MV feeder peak load (right). 
 
For 𝑐{1a, 1b} and 𝑐{2a, 2b}, the LV residential peak loads are approximately the double 
at 𝑅MAX
PEV , compared to the case without PEVs. The peak load is above 100 % for 𝑐1𝑎 
and 𝑐{2a, 2b} at higher PEV penetration: at least one of the 9 residential grid MV/LV 
transformers is loaded above its rated power. It must be assessed whether the increase 
in transformer ageing is acceptable, or a transformer upgrade is required. For 𝑐{3a, 3b}, 
the peak load increases to a smaller degree, as the PEVs on average charge at a 
significantly lower effective power rating. As a result, the transformer peak load stays 
well below the rated power for 𝑐{3a, 3b}. The initial drop in the MV feeder load is due 
to an initial reduction in load unbalance, as the low amount of PEV charging load 
reduces the load unbalance on the grid. 
7.4 Conclusions 
The distribution grid impact of PEV charging is found to be far more sensitive to the 
applied residential slow charging strategy, than to fast charging. For a given 
residential slow charging strategy, the presence of fast charging decreases the PEV 
hosting capacity with 10 percentage points or less. A more grid-friendly residential 
slow charging strategy increases the PEV hosting capacity much more than fast 
charging decreases it, as charging at home accounts for the vast majority of PEV 
140 FAST CHARGING  
 
charging. Fast charging only accounts for a low share of the PEV charging energy, 
which even decreases further if PEV battery capacities increase. As a result, fast 
charging stations have a limited impact on the medium voltage level, because the load 
increase is limited, compared to the load caused by residential slow charging. 
However, despite the limited share in the charging energy, fast charging infrastructure 
is indispensable to allow the vehicle fleet to drive close to purely electric. 
The choice of the slow charging strategy at home strongly influences the PEV hosting 
capacity, which varies from 40 % up to 100 %. The highest hosting capacity occurs 
when PEV-based peak shaving is implemented, both with and without fast charging, 
as for most of the time the effective charging power is significantly below the rated 
power. Therefore, PEV-based peak shaving significantly reduces the distribution grid 
impact, compared to both other strategies. The lowest PEV hosting capacity occurs 
for off-peak residential charging, due to the synchronization of the charging actions, 
creating a peak that is higher than for the other cases. Therefore, distribution grid 
operators should consider adapting the peak/off-peak tariff scheme for households 
with a PEV, when a significant local PEV penetration occurs. By incentivizing more 
grid-friendly PEV charging strategies, a higher PEV penetration can be accepted. 
Fast charging stations fundamentally differ from refueling stations for conventional 
vehicles. The latter are responsible for all of the refueling needs, while the former 
only supply a fraction of the charging needs (less than 13 % for the scenarios in this 
chapter). However, because the charging actions take much more time than for 
conventional refueling, the infrastructure is still substantial. 
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8. Summary, conclusions, and future work 
8.1 Summary & conclusions 
This dissertation handles the distribution grid impact of PEV charging infrastructure. 
Local control strategies for impact mitigation are proposed and assessed. Even though 
a vast amount of research has already been conducted on PEV charging and its 
coordination, the impact mitigation of local clusters of PEVs was not treated critically, 
while this is also required to allow for a widespread rollout of PEVs. 
The general aspects of PEVs and PEV charging are discussed in Chapter 2, in order 
to frame the PEV charging process within the distribution grid context. This overview 
shows that there is already an advanced level of standardization for the functional 
objective of the charging aspect. For AC charging, the charging process is 
standardized and different systems are interoperable by means of the appropriate 
adapters. For DC fast charging, multistandard chargers are becoming increasingly 
common, similar to multifuel pumps in conventional fossil fuel stations. However, on 
the grid interface level, standardization is insufficient. The reactive power behavior, 
the voltage dependency, and the power profile during the charging process, 
substantially vary for currently available PEVs. These aspects are not part of the grid 
compliance requirements of PEV chargers. 
The mobility behavior and the power consumption of the vehicles needs to be 
accurately modeled, in order to obtain the resulting energy requirements and charging 
opportunities. The modeling of the charging requirements is discussed in Chapter 3, 
for a representative vehicle fleet. The results show that for the vast majority of 
mobility requirements, the battery capacity of currently available BEVs is sufficient, 
from a technical perspective. The typically long standstill times allow to recharge the 
PEV batteries with a low power rating, if there are sufficient charging opportunities 
at such standstill locations. There is little need for high power ratings or high battery 
capacities, for the vast majority of mobility needs. Furthermore, with an increasing 
amount of moments the vehicles are grid-connected, the charging flexibility and the 
potential to deliver grid services increases. 
The charging flexibility can be used to coordinate the charging process (Chapter 4). 
A systematic overview of coordinated PEV charging is conducted. The coordination 
objective, scale, and method of each strategy are the three parameters used to 
characterize and compare different approaches. The correlation between the three 
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parameters and the research category are investigated, resulting in a correlation 
mapping of the different approaches. Most coordination systems being proposed only 
consider set-point coordination for one or more coordination objectives. Grid-
stabilizing control at the grid interface typically is not taken into account for PEV 
charging, but has already been investigated for distributed energy resources. A control 
mechanism at this level is to be considered, because of the potentially large impact of 
PEV charging on the electricity system. It implies a deviation from the coordination 
set-point once grid constraints are active. As a consequence, the set-point coordination 
can take place without risking grid incidents and failures due to grid constraints. 
In Chapter 5, the impact of single-phase on-board active power PEV charging 
strategies on unbalanced three-phase low voltage residential grids are discussed. In 
the considered case, voltage droop charging behavior eliminates critical voltages 
below 0.85 pu and excessive voltage unbalances, with only a limited impact on the 
charge duration. Peak shaving at vehicle level makes the grid fully compliant with the 
EN50160 standard, and avoids the need for an infrastructure upgrade. The results 
show that local grid constraints and critical conditions can be mitigated in an effective 
manner with local active power strategies. As a result, grid infrastructure investments 
are deferred when using these on-board charging strategies. 
Chapter 6 discusses the distribution grid impact of reactive power support of single-
phase PEV charging. For a representative case study, reactive power support is 
investigated for three different electric vehicle charging strategies: uncoordinated 
charging, residential off-peak tariff charging, and PEV-based peak shaving. The 
impact on the residential voltage deviations, peak load, and grid losses is calculated. 
The results of the case study show that the implementation of a capacitive load 
behavior in electric vehicle chargers has a beneficial impact on voltage deviations. 
Furthermore, for a capacitive power factor of 0.95 or higher, there is no disadvantage 
with respect to the residential peak load and the residential grid losses. However, the 
cost related to the increased apparent power rating of the vehicle chargers, required to 
supply the reactive power, should be assessed compared to the mentioned advantages. 
If the benefits outweigh the costs, reactive power support could be considered in the 
grid compliance requirements of electric vehicle chargers, as it allows deferring 
distribution grid infrastructure investments. 
Chapter 7 investigates the combined LV and MV residential grid impact for slow and 
fast PEV charging. A realistic case study for an urban distribution grid is used, for 
which three residential slow charging strategies are modeled, as in Chapter 6: 
uncoordinated, residential off-peak, and PEV-based peak shaving. For each slow 
charging strategy, the PEV hosting capacity is determined, with and without fast 
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charging. The results show that the distribution grid impact is much less sensitive to 
the presence of fast charging compared to the slow charging strategy. PEV-based peak 
shaving results in the lowest grid impact, allowing for the highest PEV hosting 
capacity. Residential off-peak charging has the highest grid impact, due the load 
synchronization effect, resulting in the lowest PEV hosting capacity. Therefore, the 
PEV users should be incentivized to charge their PEVs in a more grid-friendly manner 
when the local PEV penetration becomes significant. 
Voltage-dependent charging behavior can be implemented on all types of onboard 
PEV chargers used. Therefore, a prescribed voltage-dependent behavior could be 
made part of the grid compliance requirements for PEV chargers. Reactive power 
injection can be implemented on PEV chargers using a full-bridge active rectifier 
topology. For such chargers, a prescribed non-unity capacitive power factor could be 
made part of the grid compliance requirements, similar to the grid compliance 
requirements for photovoltaic installations, which have to adapt their active and 
reactive power as a function of the grid frequency and voltage, respectively. 
Even though fast charging only supplies a minor fraction of the required energy, 
becoming even lower with increasing battery capacities, it is necessary to allow for a 
full electrification of passenger vehicles. Therefore, given the limited medium-voltage 
grid impact of fast charging infrastructure for the currently available battery 
capacities, the relative grid impact of fast charging infrastructure will remain limited. 
However, due to the fact that fast charging still takes longer than refueling a 
conventional vehicle, the required amount of fast chargers is substantial. 
8.2 Future work 
The different grid load types, i.e., household power consumption, PEV charging, and 
PV power generation, are modeled independently. For PV power generation, this is a 
correct assessment, as it is determined by the solar irradiation. However, for the 
household power consumption and the PEV charging, there is a correlation between 
the presence of the PEV at home and the activities taking place. By modeling the 
household power consumption and the vehicle mobility together, this correlation 
could be taken into account. In this way, the potential for coordination on a building 
level, can be fully assessed. 
Houses with a three-phase grid connection still have a non-negligible fraction of 
single-phase electric loads (e.g., dishwasher, washer, and dryer). Therefore, the grid 
load of such a house is not balanced, and this may be taken into account in the 
household load model for three-phase connected residential consumers. If this 
unbalance is ignored, their grid impact is significantly underestimated. 
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The vehicle and fleet modeling (Chapter 3) distinguishes week and weekend days, but 
not seasonal variations or exceptional days, such as holidays. For a full quantitative 
assessment of the grid and user comfort impact, the mobility requirements during 
exceptional days should be modeled, for which the input data need to be collected. 
The voltage droop PEV charging behavior (Chapter 5) makes full use of the voltage 
magnitude constraints as defined in the EN50160 standard. However, different 
voltage droop settings should be compared to assess which one provides the best 
trade-off between grid support and user comfort.  
As each grid node has a different voltage magnitude, there is an inherent damping 
present in the voltage droop control mechanism, because the PEV chargers are 
operating on a different point. Furthermore, due to filtering of the grid measurements, 
and due to the time constant of the control loops of in the charger, additional damping 
is introduced. However, when considering to make voltage droop charging behavior 
part of the grid compliance requirements of PEV chargers, the dynamic requirements 
should also be taken into account. 
For the reactive power behavior (Chapter 6), different settings should be compared, 
as the active and reactive power behavior for PV installations as a function of the grid 
frequency and voltage, respectively. For PV installations, the active power output and 
the inductive PF are at most reduced to 0.48 pu and 0.9, respectively [271].  
For fast charging, it is assumed that each PEV will fast charge up to the upper limit, 
regardless of the remaining range to the next standstill location. In reality, PEV drivers 
might charge to a SOC sufficient to reach the next standstill location that offers a 
charging opportunity. Therefore, for PEVs with a charging opportunity at home, the 
share of fast charging in the charging energy delivery is lower. As a consequence, the 
relative grid impact of fast charging compared to slow charging is lower, and the 
required amount of fast chargers too. For PEVs without a charging opportunity at 
home (no private parking), the fast charging requirements might be substantially 
different, depending the available charging opportunities. 
The active and reactive power control mechanisms affect the charging behavior and 
the resulting distribution grid impact. Therefore, it also impacts the behavior of large-
scale coordination mechanisms, as the aggregated charging behavior deviates from its 
set point. For example, voltage droop charging reduces the PEV charging power, 
when the voltage deviations exceed their bounds. Therefore, more PEVs have to be 
activated, to compensate for the set point deviation. The extent of this set point 
deviation should be assessed, by taking into account the typical grid topologies present 
within the investigated region investigated. 
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Besides the voltage-dependent charging behavior discussed here, which provides 
local grid support, frequency-dependent charging behavior could be implemented to 
provide primary frequency support. Once there is a substantial amount of PEVs, the 
impact of this behavior will become relevant. Furthermore, the voltage-dependent 
charging behavior could be expanded from unidirectional to bidirectional energy 
flows, i.e., vehicle-to-grid (V2G), if the PEV charger offers bidirectional 
functionality. In this way, PEVs could actively provide voltage support, by 
discharging the PEV battery when the grid voltage magnitude is low. Frequency-




Appendix A North-American grid layout 
Three typical North-American LV distribution grid topologies are illustrated in Figure 
A.1. Residential grids typically have a 120/240 V split-phase topology, so that two 
single-phase voltage levels are available. The 120 V level is used for low-power 
appliances such as lighting and electronic devices. Mode 2 charging cables that are 
compatible with the 120 V level typically have a 1.3-1.7 kW current rating [305]. The 
240 V level is used for the high-power appliances such as electric cookers and air 
conditioning. Mode 2 and Mode 3 charging infrastructure that are compatible with the 
240 V level typically have current ratings up to 6.9 and 17.3 kW, respectively [305]. 
 
 
Figure A.1: Typical North-American distribution network topologies, for single-phase 
(120/240 V split-phase), and three-phase (120/208 V and 277/480 V) grid connections. 
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If three-phase power is required, a 3×208 V + N topology is typically used for 
residential and small-scale commercial buildings. The customers can use 120 V line-
to-neutral for low power appliances, and 208 V line-to-line for three-phase appliances. 
Single-phase high-power appliances can use the 208 V line-to-line voltage, as most 
of them are designed to be compatible with both 208 V and 240 V, including PEV 
charging infrastructure [305]. For large-scale commercial and industrial customers, 




Appendix B Availability analysis 
An availability analysis model is developed to determine the driving behavior for each 
vehicle in the fleet. This model is created by Juan Van Roy, and the content of this 
appendix is based upon his PhD dissertation [306]. From this analysis, it is known 
when each vehicle is driving, when it is at home, at work or another activity. 
B.1 Flemish travel behavior data 
The third Flemish Mobility Study (OVG3) has been conducted between September 
2007 and 2008 among 8,800 people (≥ 6 years old) [84]. This research is 
commissioned by the Flemish government. The people surveyed, were asked to keep 
track of all their trips (all transport means): 




 departure and return times; 
 etc. 
In this context, only the vehicle trips are considered. A distinction is made between 
week and weekend days, since the travel behavior is different. The other data are taken 
from Febiac [87], the Belgian Algemene Directie Statistiek en Economische 
Informatie [85], the FOD Mobiliteit en Vervoer [99], and the Vlaamse 
Milieumaatschappij [88]. 
On August 1, 2014, the Belgian vehicle fleet consisted of 5 555 499 vehicles [88]. 
Table B.1 shows the number of cars per household [84]. More than half of the 
households has only 1 vehicle. The average number of vehicles per household is about 
1.1. Therefore, only one vehicle per household is assumed here. However, for all trips, 
the average occupancy of a vehicle is 1.86 persons, while for commute trips this is 
only 1.20 persons. 
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Table B.1: Number of cars per household. 






B.1.1 Duration of the vehicle trip 
A trip is defined as the trip from home to the activity and back home, since about 
73.4 % of the trips are limited to one activity and going back home [84]. However, it 
is possible to start another trip while being at another activity. 
There are commute and non-commute trips. For the OVG-survey, people had to keep 
track of the motif of each trip. Here, the categorization of the non-commute trips are 
limited to the following motifs: 





 Other trips (e.g. doctor visit, picking up someone,). 
On average there are 3.14 trips per day per person by all transport means, of which 
about 65 by car (as driver and/or passenger). Other important transport means are by 
foot (13.4 %) and by bike (14.2 %). About 75 % of all vehicle trips are less than 
15 km. For most distances, between 50 to 60 % of all trips is by car. Going on foot 
and by bike also has a high share for short distances, for which their share increases 
to about 20 % for each. For distances less than 1 km, travelling by foot has the highest 
share. For high distances, it is clear that moving by train becomes more and more 
important. Still, moving by car is very popular for very short trips. The share of 
travelling by foot or bike is higher for lower distances and travelling times. 
Considering the total travelled kilometers, vehicles take about 71 % of the average 
daily travelled kilometers. About 34 % of this distance is for commute trips. Of these 
3.14 trips, 1.47 trips are as a driver of a vehicle. Considering an average of 2.3 
inhabitants [85] and assuming one vehicle per household in Flanders, this results in 
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3.39 trips per day per vehicle. During the weekend there are less trips, as can be seen 
in Table B.2. 
 
Table B.2: Number of trips per day per vehicle. 
Average week Weekday Weekend day 
3.39 3.60 2.85 
 
B.1.2 Duration of the vehicle trip 
OVG provides data for the duration (indirectly this means the distance) of an average 
vehicle trip [84]. Figure B.1 shows the distribution of the average number of trips of 
a certain duration. The surface below the graph is equal to the average number of trips 
per day per vehicle (3.39 trips per vehicle per day). This graph represents the average 
trip, thus it has to be adapted for: 
 The difference between week and weekend days: 3.60 versus 2.85 trips per 
vehicle per day. 
 The difference in trip durations of each motif: some motifs have 
longer/shorter trip distances. For instance, shopping trips are on average 
shorter than work or business trips. Table B.3 shows the scale factors, as the 
result of the average driven distance for each motive with respect to the 
average driven distance for all trips. 
 
 
Figure B.1: Distribution of average number of trips as a function of the duration of a trip. 
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Table B.3: Scale factors for the distance of the different motives. 









B.2 Commute trips 
The most important subdivision are the commute versus the non-commute trips, since 
the priority of the former is the highest. No other trips but business trips may overlap 
during the trip to work and the presence at work. Therefore, commute trips will be 
treated separately, as they are very predictable and can be scheduled well in advance. 
It is also important to simulate them, because they form a great part in the absence of 
vehicles. Furthermore, it is possible in the future that vehicles can be charged at work. 
The mean average distance to work in Flanders is 18.82 km (the mean average time 
needed to get to work from home is 25.8 minutes). 82 % of the people live less than 
30 km from their work (Table B.4). Only at the coast there are some areas with an 
average work distance of more than 30 km. 
The distance of the commute trips is defined using Figure B.1 and fixed for a vehicle 
during the year. This figure is normalized, since it is assumed that a vehicle is only 
used for a maximum of one commute trip a day. Table B.5 shows the probability for 
a working trip for working people during week and weekend days [84]. 
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Table B.4: Number of working people in function of distance to work. 
Distance to work  
[km] 
Fraction of working  
people [%] 
Fraction of people who go to  
work with a vehicle [%] 
0 – 1 6.58 2.59 
1.1 – 2.5 6.77 4.36 
2.6 – 5 14.73 12.75 
5.1 – 7.5 8.69 8.70 
7.6 – 10 9.75 10.87 
10.1 – 15 13.45 16.43 
15.1 – 20 9.60 12.01 
20.1 – 30 12.59 14.32 
30.1 – 50 10.18 11.41 
≥ 50 7.66 6.55 
 
Table B.5: Probability for a work trip [%]. 
Weekday Weekend day 
65.81% 13.01% 
 
In 2010, about 67.1 % of all working people traveled to work by car [99]. According 
to [85], about: 
 54 % of the Flemish population (≥ 18 years old) were active on the labor 
market. 
 69.9 % of the Flemish population (18–64 years old) were active on the labor 
market. 
This results in 36.2 % to 46.9 % of all vehicles being used for commuting, with the 
assumption that there is only one vehicle per household. The actual number is 
expected to be closer to 46.9 %. Generally, the average number of vehicles in 
households with working people (higher net income) is higher than one [84]. 
However, this is not included, as there is no data available to model this. A fixed work 
shift is assigned to each vehicle. The probability a certain shift is attributed to a vehicle 
is given in Table B.6 [307]. Depending on the work shift, the departure and return 
hour are defined according to the distribution functions given in Figure B.2 [307]. 
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Figure B.2: Cumulative probability density function 
for the departure and return hours for work shifts. 
 
Similar to the distance and the shift, the departure and return hour (on hourly basis) 
are fixed for each vehicle. This is an acceptable approximation, since about 82 % of 
the population have fixed working hours [84]. To introduce some variation, the exact 
moment of departure and return (on minute basis) is variable. A uniform probability 
distribution function is used to determine the exact minute of departure and return. It 
is assumed that the return trip is within 24 h. 
B.3 Other trips 
Different motifs are available for non-commute trips, with each their probability of 
occurrence (Table B.7). For the weekend, it is supposed that Saturday and Sunday are 
identical, as is done for weekdays. For each motive, OVG provides a distribution 
function for the departure and return times.  
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Table B.7: Probability for non-commute trips. 
Motive Weekday Weekend day 
Business 8.54% 2.07% 
Visits 12.50% 19.38% 
Shopping 23.82% 28.45% 
Education 10.52% 0.82% 
Recreation 23.56% 32.42% 
Others 21.06% 16.86% 
 
However, the distribution function for the return times is not given as a function of 
the departure times, nor a distribution of the total activity duration (including the trip 
duration) is available. This could result in less reliable results (e.g. picking up 
someone takes a whole day, even if the distance is limited). Therefore, the data from 
OVG is adapted. The following assumptions have been made: 
 Variable activity duration: Probability distribution functions for both the 
departure and return hours are used. It is assumed that education trips end the 
same day. Motifs: Business, education, and recreation. 
 Fixed activity duration: The total duration of the activity (trip and presence 
at the activity) is fixed. The probability distributions for the departure hour are 
used. Motifs: Visits, shopping, and others. 
 
Table B.8: Fixed activity duration. 





The cumulative probability functions are shown in Figure B.3, for (a) week days and 
(b) weekend days, respectively. For the motifs with a fixed activity duration, only the 
distribution function for the departure hour is shown. The first graph of each motif 
represents the departure trip; the second represents the return trip. Business and 
recreation trips may end during the first hours of the next day. 
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Figure B.3: Cumulative probability density function for the departure and return hour 
for other motifs during week days (a), and weekend days (b). 
 
The duration of the trip is defined with Figure B.1 and the scale factors in Table B.3. 
For the days where a vehicle has a work trip, Figure B.1 has to be scaled in such a 
way that the average number of trips of that day is not higher than given in Table B.1. 
As mentioned earlier, the commute trips are scheduled first. Afterwards, the 
characteristics of the other trips (number of trips, distance, and departure and return 
time) are defined. A distinction is made between business trips and other motifs 
regarding the scheduling of the trips in time: 
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 Business trips may overlap with commute trips. They can also take place on 
days without a commute trip. Furthermore, it is not only possible to start a 
business trip at work, but also on the way to or from work. 
 Other trips have more constraints. There is no overlap between these trips, 
trips to work and the time at work. These trips will be placed before or after 
work. It is also important to take into account any commute trip during the next 
day. 
Since commute trips are scheduled first, it is important to check if a trip can be 
scheduled before leaving for work when a departure hour is found before work. If not, 
the trip will be done after work. These non-commute trips are allowed to overlap with 
each other, e.g., shopping after a visit. 
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Appendix C Fast charging scenario 
 
Table C.1: LV feeder locations of the randomly assigned PV installations. 
MV node Houses with a PV installation 
1 1, 17, 21, 24, 42, 46, 50 
2 6, 15, 20, 27, 43, 57, 58 
3 10, 16, 17, 23 
4 10, 17, 20, 25 
5 1, 6, 17, 21, 37 
6 3, 26, 28, 30, 42 
7 9, 21, 25, 31 
8 2, 8, 22, 27, 33 
9 6, 7, 18, 23, 37, 49, 58 
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Table C.2: Location (house number) of the PEVs on the LV feeders. 
PEV 
group 
MV grid node 
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